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Thesis summary 
 
Amniote viviparity requires remodelling of the uterus for placentation 
and successful embryonic development. Similar remodelling during pregnancy 
in eutherian mammals, viviparous squamate reptiles, and in the marsupial 
Sminthopsis crassicaudata, suggest that viviparous amniotes share a 
common beginning to pregnancy, yet variable molecular patterns in different 
taxa suggest that remodelling evolves via flexible pathways. Hence, 
comparison of remodelling during pregnancy across viviparous amniote 
groups can identify key evolutionary mechanisms and drivers of viviparity.  
Here I test the generality and importance of uterine remodelling in 
marsupial pregnancy by investigating uterine alterations during pregnancy 
across the major marsupial phylogenetic groups and placental types- 
Sminthopsis crassicaudata (Dasyuridae), Monodelphis domestica 
(Didelphidae), Trichosurus vulpecula (Phalangeridae), and Macropus eugenii 
(Macropodidae). Using both scanning and transmission electron microscopy, I 
show that uterine epithelial cells of these species undergo substantial 
morphological remodelling during pregnancy that is likely ubiquitous in 
marsupials. I provide support for the theory that non-invasive placentation is 
secondarily derived in marsupials by showing that M. eugenii and T. vulpecula 
undergo unique uterine adaptations that differ from those of M. domestica, a 
member of the least derived living group, Didelphidae. I use Western blotting 
and immunofluorescence microscopy to show that key molecules of eutherian 
pregnancy, including talin, paxillin and desmoglein-2, underpin uterine 
remodelling in marsupials, yet are co-opted to perform unique roles. Lastly, I 
 iii 
show that the uterus undergoes molecular reinforcement in marsupial 
pregnancy that may regulate embryonic invasion. My findings suggest that 
remodelling of the uterine epithelium in marsupials enables greater maternal 
control over pregnancy and is likely shaped by intra-uterine conflict between 
mother and embryo. 
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1. Viviparity 
 
 1.1. Evolution of amniote live birth 
 
 Viviparity (live birth) is a widespread and successful reproductive mode that has 
evolved independently in diverse vertebrate and invertebrate groups (Blackburn and 
Flemming, 2009; Ostrovsky et al. 2013; Blackburn, 2014; Blackburn and Starck, 2015). In 
amniote vertebrates (birds, mammals, reptiles), the transition from ancestral egg-laying 
(oviparity) to viviparity has occurred in at least 115 independent lineages of squamate 
reptiles (snakes and lizards; Blackburn, 2014), as well as once in the common ancestor of 
extant viviparous mammals (marsupials and eutherian mammals; Blackburn, 2014). 
Repeated convergent evolution of amniote viviparity has resulted in wide diversity in 
reproductive traits, particularly in gestation length and the degree of maternal investment 
(Blackburn, 2014; Laird et al. 2015), yet viviparous amniotes have overcome the novel 
challenges of viviparity in shared ways. These include reduction of the eggshell to enable 
direct contact between maternal and embryonic cells (Stewart and Blackburn, 2014), 
retention of the embryo in utero throughout most of its development (Blackburn, 2000; 
Blackburn and Starck, 2015), increased uterine vascularization (Parker et al. 2010), and 
immunological protection of the embryo (Paulesu et al. 1995; Blackburn, 2000; Moffett and 
Loke, 2006). Development in utero also requires an efficient mechanism of transfer of 
wastes, gases and nutrients between mother and embryo (Blackburn, 1999; Ramirez-
Pinilla et al. 2012). Perhaps the best example of a shared strategy among amniotes is co-
option of the characteristic extra-embryonic membranes (chorioallantois, yolk sac, amnion; 
Blackburn and Flemming, 2009) to form a novel complex organ - the placenta (Van Dyke 
et al. 2014; Griffith et al. 2016).  
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 1.2. Amniote placentation 
  
 Amniote placentae vary widely in structure and function (Crespi and Semeniuk, 
2004; Blackburn and Flemming, 2009). Placentae of most squamate reptiles are relatively 
simple (Blackburn, 2000; Blackburn and Flemming, 2009; Blackburn and Flemming, 
2012), providing little to no nutrient transfer (lecithotrophic; Blackburn, 2014) and acting 
primarily as an incubation chamber for internal embryonic development and for exchange 
of respiratory gases and water (Thompson and Speake, 2006). In contrast, complex 
placentae enable both greater intimacy between maternal and embryonic cells and greater 
nutrient transfer (matrotrophy; Blackburn and Flemming, 2009; Blackburn, 2014). 
Compared with transitions to viviparity, complex placentae have evolved relatively 
infrequently, including in only 4 or 5 lineages of squamate reptiles (Blackburn and 
Flemming, 2009; Blackburn and Flemming, 2012; Blackburn, 2014) and once in the 
viviparous mammalian common ancestor. Hence, complex placental evolution may only 
occur under specific conditions (Murphy and Thompson, 2011; Blackburn, 2014). 
 All viviparous mammals (eutherian mammals and marsupials) possess complex 
placentae, and all mammals, including oviparous mammals, are matrotrophic (Blackburn, 
2014). Mammalian placentae are also relatively specialised as they enable a higher 
degree of matrotrophy and placental invasion compared with those of other viviparous 
amniotes (Blackburn and Flemming, 2012). Since marsupials and eutherian mammals 
share a viviparous common ancestor (Lillegraven et al. 1987; Tyndale-Biscoe and 
Renfree, 1987; Killian et al. 2001; Bininda-Emonds et al. 2007; Blackburn, 2014), placental 
features that are conserved between groups are likely to be essential for pregnancy 
(Hansen et al. 2016). Hence, understanding shared traits of mammalian placentae is 
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critical to understanding placental evolution (Blackburn, 2000) and the essential 
requirements of amniote viviparity. 
 
2. Mammalian placentation 
 
 2.1. Mammalian placental types 
 
 The placenta is the most variable mammalian organ (Mossman, 1987; Faber et al. 
1992; Blackburn, 2014) as placental traits and maternal-embryonic interactions can vary 
widely, even within a genus (Pijnenborg et al. 1981; Crespi and Semeniuk, 2004). Since 
placentae consist of both maternal and embryonic tissue, placentation requires intimate 
contact between maternal and embryonic cells (Carter and Mess, 2007; Blackburn and 
Flemming, 2012) to facilitate attachment and implantation of the embryo to the uterine 
epithelium. The resulting placental type depends on the degree of embryonic invasion into 
maternal tissue (Pijnenborg et al. 1981; Wildman, 2016). Epitheliochorial placentation 
involves non-invasive embryonic attachment, without breaching the uterine epithelium 
(Figure 1A; Ferner and Mess, 2011; Wildman, 2016). Epitheliochorial placentation occurs 
in ungulates (Ferner and Mess, 2011), as well as in phalangerid (Pilton and Sharman, 
1962) and macropodid marsupials (Freyer et al. 2002; 2003), and the majority of 
viviparous squamate reptiles (Biazik et al. 2010; Blackburn and Flemming, 2012). 
Endotheliochorial placentation is invasive as the embryo adheres to and breaches the 
uterine epithelium and invades the underlying stromal tissue, but does not breach 
maternal endothelial cell layer (Figure 1B; Carter and Enders, 2004; Vogel, 2005; Martin, 
2008). Endotheliochorial placentation is widespread in both eutherian mammals (Vogel, 
2005) and marsupials (Tyndale-Biscoe and Renfree, 1987; Freyer et al. 2002). Highly 
invasive haemochorial placentation involves breaching of both the maternal epithelium and 
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endothelium, resulting in direct embryonic contact with maternal blood (Figure 1C; Enders 
and Schlafke, 1967; Schlafke and Enders, 1975; Wildman et al. 2016). Highly invasive 
placentation occurs in eutherian mammals, including armadillos, humans and some 
rodents (Mess, 2014). 
  
 
 
 
 
 
 
 
 
 
Figure 1: Diagrammatic representation of mammalian placentation types. A) Non-invasive 
epitheliochorial placentation. B) Invasive endotheliochorial placentation. C) Highly invasive 
haemochorial placentation. Adapted from Ferner and Mess (2011) and Roberts et al. 
2016. 
 
 2.2. Intra-uterine conflict 
  
Cladistic analyses based on phylogenetic relationships in Eutheria suggest that 
placentation in the eutherian common ancestor was invasive; either haemochorial 
(Wildman et al. 2006; Elliot and Crespi, 2009) or endotheliochorial (Figure 2a; Vogel, 2005; 
Mess and Carter, 2007; Martin, 2008). Similarly, phylogenetic reconstructions based on 
recent molecular analyses suggest that invasive placentation is also ancestral for 
marsupials (Figure 2b; Mess and Ferner, 2010; Ferner and Mess, 2011). Therefore,   
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Figure 2: Phylogenetic distribution of placental types in Eutheria and Metatheria. Redrawn 
from Mess, 2014 for Eutheria (a) and Freyer et al, 2003 and Luckett et al, 1994 for 
Metatheria (b) (reprinted with permission). Occurrence of haemochorial placentation is 
indicated in orange; endotheliochorial placentation in green; epitheliochorial placentation in 
blue; and unknown placentation type in black. 1Martin, 2008; 2Enders and Carter, 2004; 
3Mess and Ferner, 2010; 4Freyer et al, 2003. 
 
non-invasive placentation in both eutherian mammals (Elliot and Crespi, 2009; Carter and 
Enders, 2013), and marsupials (Bininda-Emonds et al. 2007; Mess and Ferner, 2010; 
Ferner and Mess, 2011), is likely secondarily derived (Carter and Mess, 2007). 
 Parent-offspring conflict in utero has likely played an important role in mammalian 
placental evolution as the relative advantages of invasive placentation over non-invasive 
placentation, including decreased diffusion distance and increased efficiency of nutrient 
transport, can also incur negative maternal fitness consequences (Haig, 1993; Crespi and 
Semeniuk, 2004). For example, invasive placentation can involve significant destruction of 
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uterine tissue, both at implantation and as the placenta is removed after birth (Roberts et 
al. 2016). Mammalian embryos are capable of manipulating maternal physiology by 
releasing hormones and signaling molecules into the maternal blood stream to alter 
nutrient transfer across the placenta (Haig, 1993; Crespi and Semeniuk, 2004). The high 
degree of intimacy between maternal and embryonic cells afforded by invasive 
placentation, particularly haemochorial placentation, can thus increase the potential for 
uterine manipulation, even at the expense of maternal fitness (Moore and Haig, 1991; 
Haig, 1993; Moore, 2012; Fowden and Moore, 2012).  
 Parent-offspring conflict in utero stems from genetic differences between mothers 
and offspring (Moore and Haig, 1991; Crespi and Semeniuk, 2004; Isles and Holland, 
2005). Mothers are under selective pressure to provide an embryo with sufficient 
resources to ensure its successful development, without compromising the mother’s 
capacity for future reproduction (Moore and Haig, 1991; Crespi and Semeniuk, 2004; Isles 
and Holland, 2005; Renfree et al. 2013). Hence maternally-derived genes suppress 
nutrient transfer (Mochizuki et al. 1996; Zeh and Zeh, 2000). In contrast, paternally-derived 
genes are selected to stimulate nutrient transfer and maximize the share of maternal 
investment received by an offspring, potentially beyond that which mothers are selected to 
provide (Mochizuki et al. 1996; Zeh and Zeh, 2000; Crespi and Semeniuk, 2004). Conflicts 
of interest result in an evolutionary “arms race” between mother and embryo as both sides 
evolve to control resource allocation (Roberts et al. 1999; Zeh and Zeh, 2000; Crespi and 
Semeniuk, 2004; Carter and Enders, 2013). Placental allocation of resources must 
therefore balance both conflict and cooperation (Fowden and Moore, 2012).  
Since conflict is potentially greatest where implantation is invasive, especially highly 
invasive (Haig, 1993; 1999; Crespi and Semeniuk, 2004), strong selective pressure for 
maternal control over resource allocation may have resulted in uterine adaptations to 
enable the transition from invasive to non-invasive placentation in mammals (Crespi and 
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Semeniuk, 2004; Carter and Enders, 2013). Hence the selective pressures of parent-
offspring conflict may have resulted in the wide placental diversity of viviparous amniotes 
(Crespi and Semeniuk, 2004), as well as the shift to non-invasive placentation in mammals 
(Pijnenborg et al. 1985; Crespi and Semeniuk, 2004). Uterine patterns and adaptations for 
implantation at the maternal-embryonic interface can be used to test hypotheses of the 
mechanisms and drivers of mammalian placental evolution (Crespi and Semeniuk, 2004; 
Fowden and Moore, 2012). 
  
3. The plasma membrane transformation  
 
 Cellular change occurs continually in the mammalian uterus, including both the 
myometrium and endometrium, and is reflective of hormonal fluctuations (Renfree, 2010). 
Specific remodelling of the uterine epithelium for receptivity to the embryo, termed the 
plasma membrane transformation, is an essential component of preparation for pregnancy 
in both eutherian mammals and viviparous squamates (Murphy, 2000; Murphy et al. 2000; 
Thompson et al. 2002; Murphy, 2004; Biazik et al. 2007). Uterine epithelial cells undergo 
substantial morphological and molecular remodelling to become receptive to the embryo, 
enabling implantation and placentation irrespective of placentation type (Murphy et al. 
2000). The plasma membrane transformation is critical in determining the success of the 
pregnancy (Murphy, 2000; Murphy et al. 2000; Murphy, 2004) as implantation cannot 
occur outside of this window of receptivity (Murphy et al. 2000; Orchard and Murphy, 2002; 
Murphy, 2004; Kaneko et al. 2008; Zhang et al. 2013). Since the uterine epithelium is the 
first point of maternal contact for an implanting embryo, this region is critically important in 
understanding intra-uterine conflict (Crespi and Semeniuk, 2004) and the mechanisms 
underpinning maternal-embryonic interactions. 
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 Alterations to cells of the uterine epithelium occur under strict hormonally controlled 
conditions and involve all regions of uterine epithelial cell plasma membranes. 
 
 3.1. Apical plasma membrane 
 
 On the apical surface, cells flatten and lose microvilli and cilia, creating a smooth 
flat surface to which the embryo can adhere (Enders and Enders, 1969; Barberini et al. 
1978; Stroband et al. 1986; Skidmore et al. 1996; Hosie et al. 2003; Murphy, 2004; Adams 
et al. 2007; Biazik et al. 2009; Laird et al. 2014). Alterations to the surface of the uterus 
facilitate exchange between mother and embryo by enabling intimate contact between 
maternal and embryonic cells (Schlafke and Enders, 1975; Scholtz et al. 2008; Ramirez-
Pinilla et al. 2012; Laird et al. 2014). Cellular diversity of the uterine epithelium also 
decreases leading up to uterine receptivity as the uterine epithelium becomes more 
uniform (Potts and Racey, 1971; Winterhager and Denker, 1990; Murphy et al. 2000; Laird 
et al. 2014). Elongated domed apical projections - pinopods or uterodomes - form in both 
mammals (Nilsson, 1958; Warren and Enders, 1964; Murphy, 2000; Murphy et al. 2000; 
Stavreus-Evers, 2005, Nikzad et al. 2010), and viviparous lizards (Hosie et al. 2003; 
Adams et al. 2005). 
 
 3.2. Baso-lateral plasma membrane 
 
 Components of the junctional complex in the lateral plasma membrane also 
undergo substantial remodelling. In rats (Murphy, 2000) and rabbits (Winterhager and 
Kuhnel, 1982), tight junctions extend laterally to block paracellular solute transport across 
the uterine epithelium and to thus precisely control the chemical environment of the 
receptive uterus (Murphy et al. 1982; Anderson and Van Itallie, 1995; Murphy, 2000; 
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Orchard and Murphy, 2002). Desmosomes, lateral adhesion points between adjacent 
uterine epithelial cells, become fewer (Preston et al. 2006), and the adherens junction is 
lost prior to implantation in numerous species of eutherian mammals (Murphy, 2000), 
reducing adhesion between adjacent uterine epithelial cells and resulting in a plastic 
uterine epithelium. Similarly, implantation in rats involves loss of focal adhesions, which 
anchor the basal plasma membranes of uterine epithelial cells to the underlying tissue 
(Shion and Murphy, 1995; Kaneko et al. 2008, 2009, 2011). Reduced cell adhesion in both 
the lateral and basal plasma membranes thus facilitates breaching of the uterine 
epithelium in species with invasive implantation. 
 
 3.3. The common beginning to pregnancy 
 
 Similarities in uterine preparation for pregnancy in both eutherian mammals and 
viviparous skinks suggests that the plasma membrane transformation has evolved 
convergently in different viviparous amniote groups and may be essential for amniote 
viviparity (Murphy et al. 2000; Thompson et al. 2002; Laird et al. 2014). This theory is 
supported by the discovery of a plasma membrane transformation in the marsupial, 
Sminthopsis crassicaudata (Roberts and Breed, 1994a-b; 1996; Laird et al. 2014). In this 
species, uterine epithelial cells undergo dramatic remodelling leading up to implantation 
including cell flattening (Roberts and Breed 1994a-b; 1996; Laird et al. 2014), loss of 
apical cilia, and replacement of microvilli with irregular blunt projections (Laird et al. 2014). 
Tight junctions also increase in depth just before implantation (Laird et al. 2014). Hence 
the morphological uterine alterations in marsupial pregnancy are similar to those of 
eutherian mammals and viviparous squamate reptiles. Common changes associated with 
a plasma membrane transformation in all three amniote groups with viviparous members 
suggest that there is strong selection for these alterations to develop, and that there may 
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be evolutionary constraints on the form of the receptive uterus. However, since 
remodelling of the uterine epithelium during pregnancy has been identified in only one 
marsupial species, the generality of the plasma membrane transformation in marsupials is 
unknown (Laird et al. 2014). Identifying alterations to the uterine epithelium across diverse 
marsupial groups is critical to understanding the role of the plasma membrane 
transformation in mammalian placental evolution. 
 
4. Marsupial pregnancy 
 
 4.1 Marsupial reproductive traits 
 
 The occurrence of a plasma membrane transformation in a marsupial species is 
remarkable given that marsupials and eutherian mammals diverged at least 160 mya (Luo 
et al. 2011; Renfree et al. 2013), and show major differences in reproductive biology. 
Relative to eutherian pregnancy, marsupials have a short gestation period (as short as 
10.7 days in Sminthopsis macroura; Selwood and Woolley, 1991) followed by an extended 
period of lactation in the pouch (Carter, 2008; McAllan, 2011). Young are born extremely 
altricial as most organ growth and differentiation occurs after birth (McAllan, 2003; Shaw 
and Renfree, 2006; Freyer and Renfree, 2009; Renfree, 2010; McAllan, 2011). Marsupial 
gestation is almost always shorter than the oestrous cycle (Carter, 2008; McAllan, 2011). 
A shell coat surrounds the marsupial embryo for most of gestation, before “hatching” 
occurs approximately two thirds of the way through pregnancy (Selwood and Woolley, 
1991; Roberts and Breed, 1994b; Ferner and Mess, 2011). Implantation and formation of a 
placenta thus occur relatively late in pregnancy (Rothchild, 2003), and in some species, 
the placenta functions for less than three days (Roberts and Breed, 1994b). In contrast to 
eutherian mammals, the definitive placenta in marsupials generally forms from apposition 
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of the yolk sac to the maternal tissue (choriovitelline, Figure 3; Tyndale-Biscoe and 
Renfree, 1987; Freyer et al., 2002; Freyer and Renfree, 2009) rather than from apposition 
of the chorion (choriallantoic, Figure 3; Wooding and Flint, 1994; Freyer and Renfree, 
2009; Wildman, 2016).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Diagrammatic representation of the typical in utero arrangement of embryonic 
membranes of eutherian mammals (A) and marsupials (B). A) Invasive chorioallantoic 
placentation of a near-term mouse embryo. B) Non-invasive choriovitelline (yolk sac) 
placentation of a near-term tammar wallaby embryo (Macropus eugenii). Redrawn and 
adapted from Freyer and Renfree (2009). 
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 4.2 Marsupial placental types  
 
 Marsupial placentae vary in invasiveness, yet are generally less invasive than 
placentae of eutherian mammals (Amoroso, 1952; Renfree et al. 2013). Invasive 
(endotheliochorial) placentation occurs in many marsupial clades, including Dasyuridae, 
Vombatidae (wombats), Phascolarctidae (koalas), Peramelidae (bandicoots), and in the 
least derived clade of living marsupials, Didelphidae (American opossums) (Freyer et al. 
2003; Kin et al. 2014; Hansen et al. 2016). Several members of these groups, including 
bandicoots, wombats and quolls, form a chorioallantoic placenta (allantochorion; Tyndale-
Biscoe and Renfree, 1987; Freyer and Renfree, 2009) in addition to the choriovitelline 
placenta (Freyer et al. 2003; Renfree et al. 2013), which may be a derived marsupial trait 
(Tyndale-Biscoe and Renfree, 1987; Freyer et al. 2003; Ferner and Mess, 2011). Non-
invasive (epitheliochorial) placentation occurs in the marsupial clades Macropodidae 
(wallabies and kangaroos) and Phalangeridae (Australian possums) (Tyndale-Biscoe and 
Renfree, 1987; Freyer et al. 2003). No marsupial species studied thus far has a 
placentation type equivalent to haemochorial placentation in eutherian mammals, although 
the chorioallantois of bandicoots is highly invasive and results in extremely close 
apposition of maternal and fetal blood streams (Padykula and Taylor, 1976, 1982; Ferner 
and Mess, 2011).  
 
 4.3. Placental evolution in marsupials  
 
 Phylogenetic reconstructions of placental types in marsupials based on a recent 
mammalian supertree (Bininda-Emonds et al. 2007; Mess and Ferner, 2010; Ferner and 
Mess, 2011) indicate that invasive placentation may be ancestral for marsupials (Figure 
2b), although reliable information on placental invasiveness, as well as consensus on 
 14 
some phylogenetic relationships, is lacking for many groups (Freyer et al. 2003; Beck, 
2008). If so, non-invasive placentation in both Macropodidae and Phalangeridae has likely 
evolved both secondarily and independently. Since marsupials and eutherian mammals 
share a viviparous common ancestor (Lillegraven et al. 1987; Tyndale-Biscoe and 
Renfree, 1987; Blackburn, 2014), placental traits conserved in both living marsupials and 
eutherian mammals, despite reproductive differences, are likely to be essential for 
mammalian pregnancy. Hence marsupials are ideal models for identifying shared essential 
traits of pregnancy, and can also provide an important and novel perspective to studies of 
amniote viviparity (Graves and Westerman, 2002; Shaw and Renfree, 2006).  
 Interestingly, the unique features of marsupial pregnancy, including a short 
gestation period, reduced embryonic invasion and late implantation, likely limit direct 
interaction between maternal and embryonic cells relative to pregnancy in eutherian 
mammals and could limit the potential for embryonic manipulation of maternal physiology. 
Hence, intra-uterine conflict may be relatively reduced in marsupial pregnancy. However, 
many marsupial groups have at least some degree of maternal recognition of pregnancy, 
as the presence of the embryo initiates a uterine response that differs from uterine 
changes during the oestrous cycle (Renfree, 1972; Renfree, 2000; Renfree et al. 2009; 
Renfree et al. 2013). For example, the presence of the embryo results in morphological 
changes to the uterus in a range of marsupial species (Roberts and Breed, 1994a,b), as 
well as the synthesis of specific uterine secretions (Renfree, 1973; 2000). Hormonal 
signals from marsupial embryos also provide the stimulus for initiation of birth (Renfree et 
al. 2009). Additionally, genetic imprinting occurs in the marsupial placenta (Renfree et al. 
2009; Renfree et al. 2013). Hence, intra-uterine conflict likely occurs in marsupials, yet 
may be different from that of eutherian mammals. Investigating the dynamics of the uterine 
epithelium in marsupial species is critical to our understanding of the role of conflict in 
mammalian pregnancy. 
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5. Molecular alterations 
 
 5.1. Molecular patterns 
 
 Similarities in uterine preparation for pregnancy between viviparous amniotes may 
also occur at the molecular level. For example, similar genes associated with remodelling 
of uterine cells (including proteolytic enzymes, cathepsins and cell adhesion molecules; 
Song et al. 2010; Brandley et al. 2012), uterine angiogenesis (including vascular 
endothelial growth factors; Brandley et al. 2012) and nutrient transport (including solute 
carrier proteins and lipid transporters; Brandley et al. 2012) are upregulated in the uterus 
during pregnancy in both eutherian mammals and viviparous skinks (Song et al. 2010; 
Brandley et al. 2012). Similar changes in gene expression also occur during pregnancy in 
the marsupial Monodelphis domestica (Lynch et al. 2015; Hansen et al. 2016). These 
findings suggest that similar suites of genes underpin pregnancy across all viviparous 
amniote groups. 
 In contrast, localization patterns of specific molecules involved in pregnancy 
suggest that molecules recruited to fulfill essential uterine functions during pregnancy, 
including cell adhesion, vary between viviparous lineages and even between species. For 
example, modification of lateral tight junctions in the uterine epithelium involves claudin-1 
in eutherian mammals (Orchard and Murphy, 2002; Satterfield et al. 2007) and claudin-5 in 
squamate reptiles (Biazik et al. 2008; Brandley et al. 2012). Occludin, another tight 
junction molecule, is involved in tight junction remodelling in eutherian mammals, and in 
some viviparous skink lineages, but is absent from others (Biazik et al. 2007; Brandley et 
al. 2012). Similarly, expression of desmoglein-2, involved in remodelling of lateral 
desmosomes, is upregulated, downregulated, and not changed across multiple lineages of 
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viviparous skinks (Biazik et al. 2010; Brandley et al. 2012). Hence, while the shared 
morphological changes of different viviparous groups involve similar broad classes of 
remodelling genes, the specific molecular patterns are more variable (Paria et al. 2002; 
Brandley et al. 2012).  
 
 5.2. Molecular pathways of placental evolution 
  
 Different molecular patterns suggest that the roles of these molecules differ 
between viviparous lineages (Biazik et al. 2007; Kaneko et al. 2011). Identifying variability 
in the molecular mechanisms underpinning placentation in viviparous amniotes is key to 
understanding mechanisms of placental evolution. Shared molecular changes between 
disparate viviparous groups would suggest that the evolution of viviparity occurs via a 
similar pathway and involves particular key molecules (Murphy et al. 2000). The 
availability of these molecules may thus constrain the evolution of viviparity. Different 
molecular changes would suggest that variable molecular mechanisms underpin 
pregnancy in different groups and that selection favours the recruitment of available 
molecules to produce the necessary morphological alterations (Brandley et al. 2012). 
Hence, different molecular alterations would suggest that flexible molecular mechanisms 
underpin the evolution of live birth (Brandley et al. 2012). 
 Molecular patterns involved in marsupial placentation are critical to testing 
hypotheses of the mechanisms underpinning placental evolution. Patterns in the marsupial 
species S. crassicaudata, including distributional changes of occludin and desmoglein-2, 
appear to be consistent with those of eutherian mammals (Laird et al. 2014; Dudley et al. 
2015). However, molecular alterations involved in other aspects of the plasma membrane 
transformation in S. crassicaudata are unknown, as are molecular patterns in other 
marsupial species. Comparison of both the morphological and molecular alterations to the 
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uterine epitheluum during pregnancy between marsupial species is thus critical to 
understanding the requirements and drivers of placentation in marsupials, and in 
mammals more broadly. 
 
 
6. Thesis outline 
 
 In this thesis, I test the generality and importance of the plasma membrane 
transformation in marsupial pregnancy to understand the role of uterine changes in 
mammalian placental evolution. This thesis contains five data chapters and an appendix, 
all of which are either published or in press, with the exception of Chapter 6. As these 
chapters have been written as separate complete manuscripts, some overlap occurs, 
particularly in the introduction sections. 
  
 In Chapter 2, I investigate the molecular mechanisms of preparation for pregnancy 
in the marsupial species Sminthopsis crassicaudata to identify if common morphological 
alterations to the uterine epithelium during pregnancy across mammalian groups are 
underpinned by common molecular alterations. In this chapter, I describe changes in 
localization of key focal adhesion molecules, talin and paxillin, throughout pregnancy using 
immunofluorescence microscopy to test the hypothesis that patterns of these molecules in 
S. crassicaudata are similar to those of eutherian mammals.  
 
 In Chapter 3, I identify morphological alterations to the uterus required for non-
invasive placentation in the marsupial, Trichosurus vulpecula, to investigate the 
morphological requirements of secondarily evolved non-invasive placentation, and the 
relationship between uterine alterations and placental type in marsupials. I describe both 
 18 
surface and ultrastructural alterations to uterine epithelial cells throughout pregnancy using 
scanning and transmission electron microscopy. I predict that derived non-invasive 
placentation in T. vulpecula involves unique morphological adaptations, relative to species 
with invasive placentation. 
 
 In Chapters 4 and 5, I investigate the molecular mechanisms of non-invasive 
placentation to identify the relationship between molecular uterine patterns and placental 
type in marsupials. Since marsupial pregnancy involves maternal defences to the embryo 
(Chapter 2), species with non-invasive placentation may employ additional defences to 
prevent embryonic invasion. In Chapter 4, I describe talin localization in uterine epithelial 
cells throughout pregnancy in Macropus eugenii (Macropodidae) and Trichosurus 
vulpecula (Phalangeridae), in which non-invasive placentation has most likely evolved 
independently, to test the hypothesis that molecular defences also occur in preparation for 
non-invasive placentation. In Chapter 5, I describe lateral molecular alterations in the 
uterine epithelium in M. eugenii and T. vulpecula using immunofluorescence microscopy of 
the key desmosomal protein, desmoglein-2. In this chapter, I test the hypothesis that 
marsupial species with non-invasive placentation prevent embryonic invasion by 
employing defences in addition to those involved in invasive placentation in S. 
crassicaudata (Chapter 2). 
 
 In Chapter 6, I investigate morphological alterations to uterine cells of Monodelphis 
domestica, a member of the stem marsupial clade Didelphidae, to identify whether the 
plasma membrane transformation is ancestral in marsupials, and the extent to which 
marsupials from more derived clades have modified ancestral uterine characteristics. 
Uterine alterations associated with pregnancy in this species likely most closely resemble 
those of the marsupial common ancestor (Kin et al. 2014), I describe surface and 
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ultrastructural cellular modifications of the uterine epithelium of M. domestica using 
scanning and transmission electron microscopy and compare these with published data 
for the modifications involved in non-invasive placentation (Chapter 3 and Freyer et al. 
2002). I test the prediction that a plasma membrane transformation occurs in M. 
domestica, and that this involves difference cellular remodelling to that of derived non-
invasive placentation in marsupials. 
 
 In Appendix 1, I investigate the role and evolutionary significance of focal adhesion 
dynamics in S. crassicaudata. In Appendix 2, I investigate morphological uterine 
alterations required for embryonic diapause in M. eugenii.  
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ABSTRACT
Alterations to the basal attachment points between the epithelium of the
uterus and the underlying tissue in early pregnancy affect how easily the epi-
thelium can be invaded by the implanting embryo. Attachment points- focal
adhesions- disassemble to facilitate highly invasive implantation in rats, but
species with less invasive implantation, including marsupials, may require
different basal alterations for successful pregnancy. Here we used immunoflu-
orescence microscopy and Western blotting to conduct the first study of basal
plasma membrane dynamics in the uterus during marsupial pregnancy. We
describe localisation patterns of two key anchoring molecules, talin and paxil-
lin, throughout pregnancy in the fat-tailed dunnart (Sminthopsis crassicau-
data; Dasyuridae). Basal staining of both molecules occurs in early pregnancy,
as it does in the rat. However, unlike rats, there is strong basal localisation of
talin and paxillin just before implantation in S. crassicaudata, indicating that
focal adhesions do not disassemble during pregnancy in this species, and that
molecular reinforcement of the epithelium may be a maternal strategy to reg-
ulate invasion. Additionally, talin and paxillin do not co-localise at all stages of
pregnancy as they do in the rat. Different localisation patterns among mam-
malian species demonstrate that not all early pregnancy changes are ubiqui-
tous in mammalian pregnancy, as changes to the basal plasma membrane of
the epithelium, in particular, may instead be dependent on mode of implanta-
tion. Anat Rec, 300:1150–1159, 2017. VC 2016Wiley Periodicals, Inc.
Key words: implantation; talin; paxillin; plasma membrane
transformation
INTRODUCTION
Viviparous (live-bearing) amniote species (mammals
and squamate reptiles; Blackburn, 1992, 2015) form a
placenta during pregnancy to overcome the specific prob-
lems associated with retention of an embryo within the
uterus until birth. A placenta is an intimate association
between maternal and embryonic tissue that occurs as
the embryo implants (Schlafke and Enders, 1975; Wu
et al., 2011) and which enables transfer of gases, wastes
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and, to varying extents, nutrients, between the embryo
and mother in utero (Ramirez-Pinilla et al., 2012). Pla-
centation can only occur when the cells lining the uterus
are receptive to the cells of the implanting embryo
(Orchard and Murphy, 2002; Murphy, 2004; Zhang et al.,
2013). The period of receptivity is brief and, outside of
this window, the embryo cannot implant and pregnancy
will fail (Orchard and Murphy, 2002; Murphy, 2004;
Kaneko et al., 2008). Hence, the success of the pregnan-
cy is ultimately determined by the events that occur dur-
ing this critical period. Uterine epithelial cells undergo
significant remodelling to become receptive, and the
suite of changes is collectively termed the plasma mem-
brane transformation (Orchard and Murphy, 2002; Mur-
phy, 2004). Typically, ciliated cells are lost and apical
microvilli flatten, creating a smooth flat surface to which
the embryo can adhere (Murphy et al., 2000; Murphy,
2004; Adams et al., 2007). Dramatic junctional changes
also occur in the lateral plasma membrane (Biazik et al.,
2007, 2009, 2010; Laird et al., 2014; Dudley et al., 2015).
The plasma membrane transformation is essential for
receptivity in all eutherian mammals (Murphy, 2004),
and this phenomenon also occurs in viviparous, but not
oviparous, skink species (Murphy et al., 2000; Thompson
et al., 2002), as well as in a marsupial (Sminthopsis
crassicaudata; Laird et al., 2014; Dudley et al., 2015).
Many of these morphological changes are common, irre-
spective of the mode of implantation (Biazik et al.,
2010), occurring in species with highly invasive implan-
tation, including humans and rats, in which the embryo
breaches the uterine epithelium and invades the mater-
nal vasculature (Enders and Schlafke, 1967; Schlafke
and Enders, 1975), and in species in which the embryo
adheres to, but does not breach, the uterine epithelium
(Biazik et al., 2010). The occurrence of these morphologi-
cal changes irrespective of implantation mode, and their
coevolution in both mammals and reptiles, suggests that
the plasma membrane transformation is an essential
requirement for receptivity and successful pregnancy in
the amniotes, and may play a fundamental role in the
evolution of amniote viviparity (Murphy et al., 2000;
Thompson et al., 2002).
Recent transcriptomic work suggests that there may
also be major similarities at the molecular level (Song
et al., 2010; Brandley et al., 2012) as tissue remodelling
in the uterus, as well as other key processes during
pregnancy, are underpinned by expression of common
genes in mammals and lizards (Brandley et al., 2012).
Molecular commonalities suggest that preparation for
amniote pregnancy has evolved via a common molecular
pathway and that there are certain key molecules
required for receptivity in amniotes (Brandley et al.,
2012). This hypothesis is supported by shared patterns
of molecular localisation underpinning the apical and
lateral morphological changes in different amniote
groups (Biazik et al., 2007, 2009; Laird et al., 2014; Dud-
ley et al., 2015). These common patterns also suggest
that the plasma membrane transformation is common
and essential for receptivity among amniotes, and that
the changes to the basal plasma membrane will indicate
how general and important the different aspects of the
plasma membrane transformation are in amniote
pregnancy.
Evidence of basal changes comes primarily from stud-
ies of the rat (Shion and Murphy, 1995; Kaneko et al.,
2008, 2009, 2011). Implantation in the rat is highly inva-
sive and involves sloughing of regions of the uterine epi-
thelium to facilitate invasion of the embryo into the
maternal vasculature (haemochorial placentation).
Sloughing requires disassembly of focal adhesions, pro-
tein complexes which anchor uterine epithelial cells to
the underlying cellular matrix, before implantation
occurs on day 6 of pregnancy (Kaneko et al., 2008,
2009). Key focal adhesion molecules, talin and paxillin,
co-localise in the basal plasma membrane early in preg-
nancy, and then are lost from this region as focal adhe-
sions disassemble before implantation. These molecules
then return as focal adhesions reassemble later in preg-
nancy (Kaneko et al., 2008, 2009). The highly invasive
implantation in the rat is unusual as most species have
less invasive or noninvasive implantation, and sloughing
is much less common. Given the direct relationship
between basal plasma membrane changes and the
unique cellular dynamics in the rat, species without
sloughing may employ different basal changes in early
pregnancy. Hence, common basal changes, unlike apical
and lateral changes, may not be a ubiquitous feature of
amniote pregnancy, because they may differ with
implantation mode. A comparison of the molecular
changes in the basal membrane can thus identify poten-
tial mechanisms involved in the evolution of amniote
pregnancy (Brandley et al., 2012). If basal changes
involve common molecules, irrespective of implantation
mode, this would provide strong evidence that the plas-
ma membrane transformation has evolved via a common
molecular pathway in amniote pregnancy. However, if
molecular changes differ with implantation mode, the
plasma membrane transformation may have evolved via
flexible molecular recruitment.
Here we describe the basal molecular changes
involved in pregnancy in the dasyurid marsupial Smin-
thopsis crassicaudata. Specifically, we identified patterns
of localisation of the focal adhesion molecules talin and
paxillin in uterine epithelial cells throughout pregnancy
in this species to determine if basal molecular patterns
differ from those of the rat. Sminthopsis crassicaudata
is ideal for comparison with the rat in this study as a
plasma membrane transformation also occurs in this
species, meaning that pregnancy requires the same
apical and lateral changes to the uterine epithelial cells.
In addition, S. crassicaudata has a different mode of
implantation to the rat as the epithelium is not sloughed
and the embryos implant less invasively, breaching the
uterine epithelium but without invasion of the maternal
vasculature (endotheliochorial; Fig. 1; Roberts and Breed
1994a). Thus we predicted that preparation for preg-
nancy in S. crassicaudata involves a distributional
change for both talin and paxillin, yet the specific local-
isation patterns may differ from those of the rat, as S.
crassicaudata exhibits a less invasive mode of
implantation.
MATERIALS AND METHODS
Study Species
The fat-tailed dunnart (Sminthopsis crassicaudata;
Dasyuridae) undergoes a long, predictable oestrous cycle
(!31 days), and a short gestation period (typically 13
days; Smith et al., 1978; Bennett et al., 1990; Roberts
and Breed, 1994a). Implantation of the embryo occurs
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!10.5 days after conception (Roberts and Breed 1994a),
although birth can be delayed by up to 16 days by sperm
storage in the isthmus of the oviducts (Breed et al.,
1989; Roberts and Breed, 1994b). The breeding season is
influenced by the yearly photoperiodic cycle as daylength
increases from the winter solstice to summer (McAllan,
2003). Marsupials have two separate uteri, and in S.
crassicaudata, both uteri can become pregnant (Smith
and Godfrey, 1970). Litters consist of up to 10 young,
which are weaned !70 days after birth (Smith et al.,
1978).
Animal Husbandry
Animals were held at a temperature-controlled breed-
ing colony at the University of Sydney (Animal Ethics
Committee Protocol 704). Animals were housed either
singly or in pairs in plastic cages and provided with
nesting boxes with both nesting and enrichment materi-
al. Animals were held under the natural photocycle for
Sydney (latitude 338520 S, 1518120 E) and were fed com-
mercial cat food daily and provided with water ad libi-
tum (McAllan et al., 2012).
Oestrous cycling of females was determined by moni-
toring changes in vaginal epithelial cells in smears of
the urogenital sinus (Pollock et al., 2010; McAllan et al.,
2012). The peak of oestrous was determined by the
detection of a large number of cornified epithelial cells
in the urine, and a sharp increase in body mass (Wool-
ley, 1990; Selwood and Woolley, 1991; Czarny et al.,
2009; McAllan et al., 2012). A male was then introduced
into the cage of a female, and the first day that sperm
were detected in urine of the female was designated day
1 after mating (Selwood and Woolley, 1991; Roberts and
Breed, 1996). Paired females were monitored for signs of
pregnancy, including an increase in pouch area and vas-
cularisation, loss of the furred pouch lining, and an
increase in body mass (Woolley, 1990; McAllan et al.,
2012). The presence of embryos in excised uteri con-
firmed gestation, and the stage of pregnancy was deter-
mined by comparing size and morphology of embryos to
the timetable of embryonic development (Laird et al.,
2014).
Tissue Harvest and Processing
Pregnant (n57) and nonpregnant (n5 2) females
were euthanised by CO2 inhalation, followed by immedi-
ate decapitation at different stages of pregnancy. Uterine
tissue was excised for immunofluorescence and Western
blotting.
Excised uterine tissue for immunofluorescence was
coated with Tissue-Tek OCT cryoprotectant (Sakura,
Tokyo, Japan), briefly immersed in super-cooled isopen-
tane, and stored in liquid N2. Tissue was sectioned at
8 lm using a Leica CM3050 S cryostat (Leica,
Fig. 1. Diagrammatic representation of the fetal-maternal interface of S. crassicaudata at implantation.
This species has invasive endotheliochorial placentation (Roberts and Breed, 1994a), meaning that cells
of the trophoblast (Tr) interact with and breach (arrowheads) the maternal uterine epithelium (UE), and
invade the stroma (Str), but do not breach the endothelial lining of the maternal blood vessels (BV).
Adapted from Roberts and Breed (1994a).
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Heerbrugg, Switzerland) at 2258C and mounted on
gelatin-coated slides. Mounted sections were fixed in 4%
paraformaldehyde (PFA) for 10 min at room tempera-
ture, blocked with 1% bovine serum albumin (BSA; 0.1 g
BSA/10 mL phosphate buffered saline [PBS]) for 30 min,
then incubated with either mouse monoclonal anti-
paxillin antibody (1:500 antibody: 1% BSA, Sigma–
Aldrich, Castle Hill, Sydney) or mouse monoclonal anti-
talin antibody (1:500 antibody: 1% BSA, Sigma–Aldrich,
Castle Hill, Sydney) for 2 h. Slides were then rinsed in
PBS before incubation with the secondary antibody (goat
anti-mouse FITC IgG antibody, Jackson Immunore-
search Laboratories, West Grove, PA) at a dilution of
1:500 antibody: 1% BSA for 1 h, followed by further rins-
ing. Slides were then mounted with Vectashield mount-
ing medium (with DAPI; Vector Laboratories,
Burlingame, CA). Images were captured using a Zeiss
Deconvolution microscope (Carl Zeiss Pty. Australasia)
fitted with a Zeiss AxioCam HR monochrome CCD cam-
era and using Zen (Version 7.1) imaging software. Non-
immune controls were prepared as above by substituting
the primary antibody with mouse IgG purified immuno-
globulin (1 mg mL21; Sigma–Aldrich, Castle Hill). Posi-
tive control slides of rat uterine tissue (day 1 of
pregnancy), in which talin and paxillin localisation has
been confirmed (Kaneko et al., 2008) were also prepared
as above.
Tissue for Western blotting, including positive control
tissue (isolated rat uterine epithelial cells, day 1 of preg-
nancy), was snap frozen immediately after excision.
Samples were homogenized using short bursts of vigor-
ous shaking with homogenizing beads in lysis buffer
with protease inhibitor cocktail (PIC, 1:100 dilution).
Extracted protein samples (5 lL) were diluted with dis-
tilled water (1:100, 1:200, 1:400), and standards were
made using BSA stock solution (50 lg mL21). Samples
and standards (100 lL) were transferred to a 96-well
plate (Thermo Scientific, USA) and 100 lL of BCA
(Micro BCATM Protein Assay Kit; Thermo Scientific,
Rockford, IL) was added to each sample and standard
well. Protein content was estimated with a POLARstar
Galaxy Microplate Reader (BMG LabTech, Durham, NC)
using absorbance. Protein samples (20 lg) were dena-
tured in a Laemmli sample buffer at 908C for 5 min
(Kaneko et al., 2008) and the proteins were separated on
a 10% SDS-PAGE gel for 1.5 h at 100 V, then transferred
to a PVDF membrane (Millipore Corporation, Bedford,
MA). This membrane was blocked in 5% skim milk
(2.5 g skim milk powder in 50 mL TBS-t) for 1 h, then
incubated with mouse monoclonal anti-paxillin antibody
(1:500 antibody: 1% skim milk, Sigma-Aldrich, Castle
Hill, Sydney) or mouse monoclonal anti-talin antibody
(1:2000 antibody: 1% skim milk, Sigma–Aldrich, Castle
Hill, Sydney) and incubated overnight at 48C. After rins-
ing in TBS-t, the membrane was incubated in secondary
antibody (sheep anti-mouse IgG HRP; GE Healthcare,
Buckinghamshire, UK) for 2 h, diluted at a rate of
1:2000 with 1% skim milk solution, followed by further
rinsing. An image of the membrane was taken immedi-
ately using a Chemidoc MP Imaging System (Biorad)
using enhanced chemiluminescence (ECL Plus Western
Blotting Detection System; Amersham, GE Healthcare,
Buckinghamshire, UK). Proteins were then stripped
from the membrane by incubation in stripping buffer for
45 min at 608C. The membrane was re-probed for actin
(loading control) following the above procedure,
substituting the primary antibody with monoclonal b-
actin antibody (1:2000 antibody: 1% skim milk; Sigma–
Aldrich, Castle Hill, Sydney).
RESULTS
Stages of Pregnancy
We categorized the harvested uterine tissue into four
stages of pregnancy (following Laird et al., 2014): 1. Ear-
ly (days 3–5; n5 2); 2. Mid (days 6–8; n5 2); 3. Preim-
plantation (days 9–10; n5 2); 4. Post-implantation (day
12; n51). Tissue was also used from non-pregnant
females (n5 2).
Immunofluorescence Microscopy
Talin and paxillin both occur basally in luminal and
glandular epithelial cells throughout pregnancy. At all
stages, faint diffuse cytoplasmic staining also occurs.
Both proteins show distributional changes throughout
pregnancy.
Talin. Talin localisation in uterine epithelial cells
undergoes a major distributional change in early preg-
nancy. Talin is present as a band of fluorescence at the
base of both uterine and glandular epithelial cells in
uterine tissue from nonpregnant individuals (Fig. 2a).
Punctate staining also occurs around the edges of stro-
mal cells. Early in pregnancy (Stage 1), a prominent bas-
al line of talin fluorescence occurs in both uterine and
glandular epithelial cells (Fig. 2b). This basal staining
becomes more intense and diffuse by mid-pregnancy
(Stage 2; Fig. 2c), and strong staining also occurs
throughout the stroma. Just before the embryo implants
(Stage 3; preimplantation), talin is tightly localized to
the basal plasma membrane of both luminal and glandu-
lar epithelia and is present as an intense line of basal
staining (Fig. 2d). Luminal epithelial cells are also more
elongated and well ordered by this stage. Punctate stro-
mal staining also occurs. Prominent basal staining con-
tinues post-implantation (Stage 4; Fig. 2e), but luminal
cells have become visibly less ordered by this stage.
Paxillin. Paxillin localisation shows a major distri-
butional change throughout pregnancy, but the pattern
differs from that of talin at several stages of pregnancy.
Paxillin occurs basally in both luminal and glandular
epithelial cells, with faint staining of stromal cells in the
non-pregnant uterus (Fig. 3a). In early pregnancy (Stage
1), the basal band of staining for luminal epithelial cells
becomes more prominent and diffuse (Fig. 3b). By mid
pregnancy (Stage 2), however, basal staining of paxillin
is absent from both luminal and glandular epithelial
cells (Fig. 3c). Paxillin is present only as faint cytoplas-
mic and stromal staining at this stage. Paxillin reap-
pears as a prominent basal band before implantation
(Stage 4; Fig. 3d), and is most tightly localised to the
basal plasma membrane at this stage. Paxillin disap-
pears again from the basal plasma membrane after the
embryo implants (Stage 4; Fig. 3e).
Controls. No localisation occurred in any of the
negative control slides (primary antibody replaced by
IgG antibody; Fig. 4a,b). Positive control slides (rat
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Fig. 2. Immunofluorescence micrographs of talin localisation in uterine
epithelial cells during pregnancy in Sminthopsis crassicaudata; lumen (L).
A: Non-pregnant uterus. Talin localisation (green) occurs as a prominent
band at the base of each opposing row of uterine epithelial cells (arrows).
Punctate staining also occurs around the edges of stromal cells. Nuclear
fluorescence (DAPI) is blue. B: Early pregnancy (Stage 1). Talin is present
as a prominent basal line for both uterine epithelial cells (arrow) and glan-
dular epithelial cells. Diffuse stromal staining also occurs. Glandular lumen
(GL). C: Mid pregnancy (Stage 2). Talin staining occurs as a diffuse band
for luminal epithelial cells (arrows). D: Pre-implantation (Stage 3). Talin is
more tightly localised to the basal plasma membrane of uterine epithelial
cells by this stage and is present as an intense band (arrow). Luminal cells
are elongated and well-ordered. Punctate staining in the stroma is also
more pronounced. E: Post-implantation (Stage 4). A prominent band of
talin is still present (arrow) by this stage. Luminal cells are no longer neatly
arranged. Scale bar5 20 lm.
Fig. 3. Immunofluorescence micrographs of paxillin localisation in
uterine epithelial cells during pregnancy in Sminthopsis crassicaudata;
lumen (L). A: Non-pregnant uterus. Paxillin localisation (green) occurs
basally in uterine epithelial cells (arrow). Nuclear fluorescence (DAPI) is
blue. B: Early pregnancy (Stage 1). Paxillin is present as a diffuse prom-
inent basal line for luminal epithelial cells (arrow). C: Mid pregnancy
(Stage 2). Paxillin is absent from the basal plasma membrane at this
stage (arrow). Only diffuse cytoplasmic and stromal staining occurs. D:
Pre-implantation (Stage 3). Basal localisation of paxillin returns by this
stage and paxillin is present as a prominent band (arrows). E: Post-
implantation (Stage 4). Paxillin is again absent from the basal plasma
membrane after implantation (arrow). Scale bar5 20 lm.
uterine tissue from day 1 of pregnancy) showed strong
basal staining for both talin (Fig. 4c) and paxillin (Fig.
4d).
Western Blotting
Talin. Talin was detected as a doublet at !225 kDa
at all stages of pregnancy, as well as in cells from the
non-pregnant uterus of S. crassicaudata (Fig. 5a). A sin-
gle band at 225 kDa was detected in isolated rat epithe-
lial cells at day 1 of pregnancy. The loading control
(monoclonal b-actin antibody) showed no difference in
the amount of protein loaded for each stage (Fig. 5c).
Paxillin. Paxillin was detected as a 68 kDa band at
all stages of pregnancy in S. crassicaudata (Fig. 5b), as
well as a 46 kDa band of paxillin d. Both bands were
also detected in non-pregnant uterine tissue of S. crassi-
caudata, as well as in isolated epithelial cells from the
rat (day 1 of pregnancy). No difference was detected in
the amount of protein loaded for each stage using the
loading control (monoclonal b-actin antibody; Fig. 5c).
DISCUSSION
As predicted, both talin and paxillin undergo a distri-
butional change in uterine epithelial cells during preg-
nancy in S. crassicaudata, which suggests that both
Fig. 4. Immunofluorescence micrographs of positive and negative
controls; lumen (L). A: Negative control (rat uterine tissue, day 1 of
pregnancy; primary antibody replaced by non-immune mouse IgG).
No fluorescence is detected in the negative rat control tissue (Scale
bar5 20 lm). B: Negative control (uterine tissue of S. crassicaudata;
primary antibody replaced by non-immune mouse IgG). No fluores-
cence is detected in the negative control tissue for S. crassicaudata
(Scale bar5 20 lm). C: Talin localisation in positive control tissue
(rat uterine tissue on day 1 of pregnancy). Talin occurs as a distinct
band at the base of the uterine epithelium (arrow). D: Paxillin local-
isation in positive control tissue (rat uterine tissue, day 1 of preg-
nancy). Paxillin also occurs as a prominent basal band (arrow);
Scale bar520 lm.
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molecules are involved in focal adhesion dynamics and
preparation for receptivity in the dunnart, as in the rat.
Nevertheless, the specific patterns of localisation in the
dunnart show major differences from those of the rat.
Talin is localised to the basal plasma membrane at all
stages of pregnancy in S. crassicaudata. In contrast,
basal localisation of paxillin is absent at several stages.
Hence talin and paxillin do not colocalise at all stages of
pregnancy, as they do in the rat (Kaneko et al., 2008,
2009). Localisation differences in S. crassicaudata may
relate to the different roles of these molecules in focal
adhesion complexes. Talin directly interacts with actin
fibres in the cytoskeleton and helps maintain adhesion
between the cell membrane and the extracellular matrix
(Nayal et al., 2004; Kaneko et al., 2008). Paxillin, a
molecular adaptor protein, is involved in signalling (Tur-
ner, 2000; Kaneko et al., 2008). Changes to the specific
molecules that anchor paxillin to the focal adhesion com-
plex, including integrins (Kaneko et al., 2011) or focal
adhesion kinase (FAK; Turner et al., 1993; Kaneko
et al., 2012), may explain the absence of paxillin from
the basal plasma membrane at several time points dur-
ing pregnancy in S. crassicaudata. The relative amount
of paxillin protein also appears to change during preg-
nancy (Fig. 5b), but these bands reflect the protein con-
tent of whole uterine tissue, rather than of the uterine
epithelium.
Importantly, both talin and paxillin are localised to
the basal plasma membrane just before implantation
occurs (Stage 3). Basal localisation does not occur during
this period in the rat as focal adhesions have disas-
sembled (Kaneko et al., 2008, 2009). Basal localisation
in this region during implantation in S. crassicaudata
strongly suggests that focal adhesions do not disassem-
ble during pregnancy in this species. This result is sup-
ported by the expression of the isoform paxillin d at all
stages of pregnancy in S. crassicaudata. Paxillin d (46
kDa) is a translation product of paxillin a (68 kDa)
which inhibits cell migration. In contrast, paxillin d is
lost before implantation in the rat, as focal adhesion dis-
assembly causes epithelial cells to become more labile
(Kaneko et al., 2008).
Maintenance of adhesion between uterine epithelial
cells and the underlying extracellular matrix pre-
implantation is expected in S. crassicaudata as the uter-
ine epithelium is not sloughed. However, both talin and
paxillin are most tightly localised to the basal plasma
membrane during this period, suggesting that basal
adhesion is not only maintained, but strengthened, in
preparation for implantation. This result is unexpected
as implantation is invasive in S. crassicaudata, although
to a lesser extent than in the rat (Roberts and Breed,
1994a). Invasion of the dunnart embryo involves erosion
of small regions of the uterine epithelium as projections
of the embryo extend between and underneath intact
epithelial cells (Roberts and Breed, 1994a). Invasion of
uterine tissue in general can be highly destructive
(Enders and Schlafke, 1967; Blankenship et al., 1990),
and embryos that invade the maternal vasculature can
gain access to nutrients that the mother may not other-
wise provide (Crespi and Semeniuk, 2004). Hence
recruitment of talin and paxillin to the basal membrane,
and formation of a stronger basal connection just before
implantation in the dunnart may be a maternal defence
to regulate the amount of invasion that occurs. This
view is also supported by an increase in tight junction
depth in the apical region of the lateral plasma mem-
brane (Laird et al., 2014), as well as migration of desmo-
somes (which maintain cell-cell adhesion) to this region
preimplantation (Dudley et al., 2015). These changes
may also strengthen lateral cell adhesion and provide an
additional barrier to invasion. Both of these junctional
changes involve recruitment of key molecules, occludin
and desmoglein-2, respectively, hence basal localisation
of focal adhesion molecules indicates significant remodel-
ling in this region during this critical period of
pregnancy.
Basal dynamics during pregnancy in S. crassicaudata
and the rat demonstrate major differences in the
response of the uterus to the embryo. In the rat, focal
adhesion disassembly facilitates invasion of the embryo,
whereas maintenance of focal adhesions and molecular
reinforcement of the uterine epithelium before implanta-
tion may regulate invasion in S. crassicaudata. Both of
these species share common apical and lateral plasma
membrane changes in preparation for pregnancy
(Orchard and Murphy, 2002; Murphy, 2004; Laird et al.,
2014; Dudley et al., 2015). Hence, species-specific differ-
ences in basal plasma membrane changes strongly sug-
gest that basal changes are related to implantation
mode and are not as common across amniotes. It is like-
ly that different modes of implantation require different
Fig. 5. Immunoblot of whole lysate uterine tissue of Sminthopsis
crassicaudata incubated with monoclonal mouse anti-talin antibody (A)
and monoclonal mouse anti-paxillin antibody (B). About 20 lL of pro-
tein loaded in each well. A: Talin expression was identified as a dou-
blet at a !225 kDa, and as a single 225 kDa band in rat uterine tissue
(isolated epithelial cells; day 1 of pregnancy). B: Paxillin expression
was identified as a band at !68 kDa at all stages of pregnancy, non-
pregnant tissue, and in isolated epithelial cells from the rat (day 1 of
pregnancy). An additional band of the 46 kDa isoform paxillin d was
also detected at all stages. C: b-Actin loading controls (42 kDa). Lane
1—isolated rat uterine epithelial cells (day 1 of pregnancy); Lane 2—
nonpregnant S. crassicaudata; Lane 3—early pregnancy; Lane 4—
preimplantation.
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specific basal changes for a successful pregnancy. This
theory could be tested by identifying and comparing pat-
terns of basal molecules, including talin, paxillin, and
other key molecules such as members of the integrin
family, in mammalian groups with different modes of
implantation. Molecular patterns in species with nonin-
vasive implantation (epitheliochorial placentation),
including ungulates and their relatives in Eutheria
(Ferner and Mess, 2011), and macropodid marsupials
(Tyndale-Biscoe and Renfree, 1987), are likely to be the
most interesting as this mode of implantation is thought
to have evolved secondarily (Elliot and Crespi 2009;
Mess, 2014) from invasive implantation through the
accumulation of maternal defences against the embryo
(Carter and Mess, 2007). In these groups, basal molecu-
lar changes leading up to implantation may play a role
in preventing embryonic invasion, hence such species
may employ different or additional basal mechanisms to
other mammal groups.
The role of both talin and paxillin in Sminthopsis
pregnancy demonstrates nonetheless that the same focal
adhesion molecules have been co-opted to produce differ-
ent basal changes in the dunnart and the rat, irrespec-
tive of implantation mode. This finding supports the
view that common molecules underpin amniote receptiv-
ity and signifies that there may be constraints on the
uterus in early pregnancy. The plasma membrane trans-
formation has most likely evolved via a common molecu-
lar pathway in different viviparous amniote groups,
although the common molecules that are recruited per-
form different flexible roles that are dependent upon
implantation mode. Further study of the molecules
involved in the basal plasma membrane will greatly
improve our understanding of the role of this dynamic
membrane region in amniote pregnancy. In particular,
large molecular families, including the integrin family,
typically consist of isoforms with overlapping functions
(Kaneko et al., 2011), thus receptivity in different spe-
cies may involve different isoforms. Such groups would
be interesting targets for comparison of molecular com-
monalities in focal adhesion dynamics among amniote
species.
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Abstract
The formation of a placenta is critical for successful mammalian pregnancy and requires remodelling of the
uterine epithelium. In eutherian mammals, remodelling involves specific morphological changes that often
correlate with the mode of embryonic attachment. Given the differences between marsupial and eutherian
placentae, formation of a marsupial placenta may involve patterns of uterine remodelling that are different
from those in eutherians. Here we present a detailed morphological study of the uterus of the brushtail
possum (Trichosurus vulpecula; Phalangeridae) throughout pregnancy, using both scanning and transmission
electron microscopy, to identify whether uterine changes in marsupials correlate with mode of embryonic
attachment as they do in eutherian mammals. The uterine remodelling of T. vulpecula is similar to that of
eutherian mammals with the same mode of embryonic attachment (non-invasive, epitheliochorial placentation).
The morphological similarities include development of large apical projections, and a decrease in the diffusion
distance for haemotrophes around the period of embryonic attachment. Importantly, remodelling of the uterus
in T. vulpecula during pregnancy differs from that of a marsupial species with non-invasive attachment
(Macropus eugenii; Macropodidae) but is similar to that of a marsupial with invasive attachment (Monodelphis
domestica; Didelphidae). We conclude that modes of embryonic attachment may not be typified by a particular
suite of uterine changes in marsupials, as is the case for eutherian mammals, and that uterine remodelling may
instead reflect phylogenetic relationships between marsupial lineages.
Key words: epitheliochorial; marsupial; morphology; placenta; scanning electron microscopy; transmission
electron microscopy; uterus.
Introduction
The mammalian placenta is a complex organ that supports
embryonic growth and development within the uterus. Pla-
centae vary considerably both between and within mam-
malian groups (Mossman, 1987; Murphy, 1998). The
definitive placentae of eutherian mammals form from the
allantois (chorioallantoic placenta; Wooding & Flint, 1994;
Wildman, 2016). In contrast, marsupial placentae form from
the yolk sac (choriovitelline placentae; Tyndale-Biscoe &
Renfree, 1987; Freyer et al. 2002). Modes of embryonic
attachment also vary considerably, even within mammalian
families, and show a continuum of invasion of the uterus
by the embryo (Wildman, 2016): from non-invasive epithe-
liochorial placentation (Ferner & Mess, 2011; Wildman,
2016) exhibited by eutherian ungulates (Ferner & Mess,
2011) and both macropodid and phalangerid marsupials
(Tyndale-Biscoe & Renfree, 1987), to invasive endothelio-
chorial placentation and the highly invasive haemochorial
placentation of rats and humans (Mess, 2014). Diversity in
embryonic attachment is a likely driver of mammalian pla-
cental diversity (Wildman, 2016). In all cases studied thus
far, formation of a placenta requires intimate contact
between embryonic cells and a receptive uterine epithelium
(Schlafke & Enders, 1975; Murphy, 2004; Wu et al. 2011).
Receptivity can only occur under strict uterine conditions
(Paria et al. 2002; Murphy, 2004) and involves remodelling
of the uterine epithelium – termed the plasma membrane
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transformation – to produce a brief window for attach-
ment (Murphy, 2004; Zhang et al. 2013). This remodelling
occurs irrespective of mode of embryonic attachment in
eutherian mammals, but some specific cellular changes
involved in receptivity often correlate with attachment
mode. For example, many species with epitheliochorial pla-
centation, including camels (Abd-Elnaeim et al. 1999), pigs
(Dantzer, 1985) and roe deer (Aitken, 1975), develop large
projections that increase the surface area for attachment.
In contrast, species with haemochorial placentation, includ-
ing rats and humans, undergo cell death and sloughing of
regions of the uterine epithelium, which facilitate highly
invasive implantation (Enders & Schlafke, 1967; Schlafke &
Enders, 1975; Moffett & Loke, 2006). These differences sug-
gest that specific modes of implantation necessitate partic-
ular uterine changes.
In contrast to eutherian mammals, uterine remodelling
has been studied in detail in only a handful few marsupial
species, including the dasyurid Sminthopsis crassicaudata
(endotheliochorial placentation; Roberts & Breed, 1994;
Laird et al. 2014), the didelphid Monodelphis domestica
(endotheliochorial placentation; Zeller & Freyer, 2001) and
the macropodid Macropus eugenii (epitheliochorial placen-
tation; Freyer et al. 2003). Marsupial pregnancy differs from
that of eutherian mammals in several important respects
(Zeller & Freyer, 2001; Freyer & Renfree, 2009). In addition
to placental differences, gestation is relatively short and is
shorter than the oestrous cycle (Carter, 2008; McAllan,
2011). Young are born extremely altricial and most organ
growth and development occurs after birth during an
extended lactation period in the pouch (McAllan, 2003;
Shaw & Renfree, 2006). In addition, marsupial embryos are
surrounded by a shell coat (Renfree & Shaw, 2000; Ferner &
Mess, 2011) until they implant late in their gestation (ap-
proximately two-thirds of the way through; Rothchild,
2003) relative to eutherian embryos. The relationship
between uterine remodelling and mode of embryonic
attachment in marsupial pregnancy is unknown, but given
the major differences between marsupial and eutherian
pregnancy, we predict that uterine remodelling is not influ-
enced by mode of embryonic attachment in marsupials,
unlike in eutherian mammals.
We describe morphological changes to the uterine epithe-
lium of the brushtail possum (Trichosurus vulpecula)
throughout pregnancy using both scanning and transmis-
sion electron microscopy. Like M. eugenii, T. vulpecula has
epitheliochorial (non-invasive) placentation (Pilton & Shar-
man, 1962). Thus T. vulpecula is ideal for comparison with
other marsupial species so far studied to identify possible
relationships between uterine morphology and mode of
placentation. We predict that the uterus of T. vulpecula
undergoes remodelling in preparation for pregnancy,
but that the specific cellular changes are different from
those of other mammalian species with epitheliochorial
placentation.
Materials and methods
Study species
Trichosurus vulpecula has an oestrous cycle of 28 days (Tyndale-
Biscoe, 2005) and a 17.5-day gestation period (Pilton & Sharman,
1962). Ovulation alternates between ovaries and only one uterus
carries an embryo at a time (monovular; Renfree, 2000; Sizemore
et al. 2004; Tyndale-Biscoe, 2005). As is the case for most marsupials,
and unlike in eutherians, conception does not affect the course of
the oestrous cycle in T. vulpecula (Tyndale-Biscoe & Renfree, 1987).
Ovarian, hormonal and gross uterine changes are similar during
both pregnancy and the non-pregnant oestrous cycle in T. vulpec-
ula (Pilton & Sharman, 1962). Hence, a pseudopregnancy (luteal
phase occurring in the non-pregnant uterus; Pilton & Sharman,
1962), which is largely indistinguishable from a pregnancy, occurs as
a part of every normal oestrous cycle. Ovulation of a single egg
occurs 1–2 days after oestrus and attachment of the embryo occurs
approximately 14 days after conception, with birth 3–4 days later
(Tyndale-Biscoe, 2005). In females that give birth, lactation sup-
presses ovulation until the young leaves the pouch at approxi-
mately 110 days post-oestrus, at which time the female can again
enter oestrus.
Tissue collection and processing
Uterine and ovarian tissues of female brushtail possums were col-
lected opportunistically from a cull undertaken with animal ethics
permission from Landcare Research, New Zealand (AEC approval
no. 12/02/01) in the Orongorongo Valley near Wellington, New
Zealand. The main breeding season for brushtail possums in New
Zealand occurs from February to April (Tyndale-Biscoe, 1955; Craw-
ley, 1973). Tissues were collected over two seasons (April 2014 and
March 2015) to obtain a complete set of reproductive stages. Tissues
were collected from a total of 18 females (17 cycling, one juvenile).
Ovaries were fixed in 10% neutral buffered formalin for 24 h and
stored in 70% ethanol (EtOH). Uterine tissue was excised and pro-
cessed for scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).
Light microscopy of ovaries and reproductive staging
Whole ovaries were gradually dehydrated to 100% EtOH and then
embedded in paraffin. Paraffin blocks were serially sectioned at
7 lm using a Tissue-Tek Accu-CutTM microtome (Sakura, Tokyo,
Japan) and sections were mounted on gelatin-coated slides and
stained with haematoxylin and eosin (Drury & Wallington, 1980).
Images were captured using an Olympus DX-53 digital microscope
(Olympus, Tokyo, Japan). Sections were examined for the presence
of follicles and corpora lutea (ovulated follicles; Shorey & Hughes,
1973; Selwood & Woolley, 1991) and the maximal size of each cor-
pus luteum was measured using CELLSENS software. The stage of the
oestrous cycle of each female (approximate number of days post-
oestrus) was estimated using maximal corpus luteal sizes and gross
reproductive tract morphology, including relative size and vascular-
ization of uteri and the vaginal cul-de-sac (e.g. Crawford et al.
1997, 1999), and the relative size difference between the gravid
and non-gravid uterus (e.g. Pilton & Sharman, 1962). Females with
similar ovarian and uterine morphology were grouped together
into one of five stages post-oestrus: Stage 1 (0–6 days post-oestrus;
n = 5), Stage 2 (7–11 days post-oestrus; n = 5), Stage 3 (11–13 days
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post-oestrus; n = 3), Stage 4 (13–17.5 days post-oestrus; n = 3),
Stage 5 (> 17.5 days post-oestrus; n = 1). Four females from Stages
2 and 3 were confirmed pregnant, as embryos were found in the
uterus. The ovarian and uterine changes of pseudopregnant
females are indistinguishable from those of pregnancy until after
12 days post-oestrus, when relative differences in size and vascula-
ture of pregnant and pseudopregnant uteri appear (Pilton & Shar-
man, 1962). Hence, pregnant and pseudopregnant females at the
same stage post-oestrus were grouped together where applicable.
One juvenile female (anoestrus) is included for comparison with
cycling females.
Transmission electron microscopy (TEM)
Uterine tissue for TEM was fixed in 2.5% glutaraldehyde in 0.1 M
phosphate buffer (PB) for 2 h then rinsed in 0.1 M PB. Samples were
post-fixed for 1 h in 4% osmium tetroxide (OsO4) with 0.8% potas-
sium ferrocyanide [K4Fe(CN)6] to enhance membrane contrast (Hul-
staert et al. 1983), followed by thorough rinsing in 0.1 M PB, then
50% EtOH and 70% EtOH, and further dehydration to 100% EtOH.
Samples were cut into pieces of approximately 0.5 mm3 and slowly
infiltrated with Spurr’s resin (Agar Scientific, Essex, UK) in incre-
ments of 25%. Tissue pieces were then polymerized at 62 °C over-
night in individual BEEM! capsules. A Leica Ultrastat 7 cryostat
(Leica, Heerbrugg, Switzerland) was used to cut semithin (200 lm)
and ultrathin (70 lm) sections, and ultrathin sections were trans-
ferred to 200-lm mesh copper grids (ProSci Tech, Queensland, Aus-
tralia). Sections on grids were post-stained by flotation of each grid
on a drop of 2% uranyl acetate for 10 min, thorough rinsing in
warm water, then floating on a drop of Reynolds lead citrate sur-
rounded by sodium hydroxide (NaOH) pellets for 10 min, followed
by further rinsing (Hayat, 1986). Grids were allowed to air dry
before imaging using a Zeiss Sigma HD VP STEM (Zeiss, Oberkochen,
Germany). Images were collected from at least two grids from each
of three blocks of tissue per female.
Scanning electron microscopy (SEM)
Uterine tissue for SEM was dissected to expose the interior surface.
Samples were fixed in 2.5% glutaraldehyde in 0.1 M PB for 2 h,
thoroughly rinsed in 0.1 M PB, then post-fixed in 4% osmium tetrox-
ide (OsO4) for 1 h (4 drops osmium and 15 drops 0.1 M PB), followed
by rinsing in 0.1 M PB, distilled water, 50% EtOH, and 70% EtOH.
Samples were gradually dehydrated to 100% EtOH as for TEM tis-
sue, and dried using a Leica EM CPD300 Critical Point Dryer (Leica,
Wetzlar, Germany) using carbon dioxide as the drying agent. Sam-
ples were then mounted onto aluminium stubs with a layer of car-
bon tape and coated with a 15-nm layer of gold. Images were
captured on a JEOL NeoScope JCM-600 Tabletop SEM (Tokyo,
Japan) and a Zeiss Sigma HD VP STEM (Zeiss, Oberkochen,
Germany).
Cellular composition
The cellular composition of the uterine surface was identified by
comparing the relative abundance of distinct cell types throughout
pregnancy. Scanning electron micrographs were taken of at least
three uterine regions per animal, between 5009 and 20009. Each
cell in an image was allocated to a cell type, although damaged
cells, or cells that could not be clearly identified, were not counted.
Proportions were obtained by dividing the total number of each
cell type by the total number of cells in the image. Proportions for
each animal were arcsine-transformed (Dytham, 2011). The analysis
was applied until SEM < 0.05 for each cell type for each animal
(Aherne & Dunhill, 1982).
Results
Light microscopy of ovaries
Ovaries of all cycling females contained a corpus luteum
and numerous primordial, primary and secondary follicles
(Fig. 1). Immediately following oestrus (Stage 1; Fig. 1A),
the average maximum corpus luteum diameter was
160 ! 22 lm, increasing to 1730 ! 233 lm by the start of
the luteal phase (Stage 2; Pilton & Sharman, 1962; Fig. 1B)
and 3593 ! 314 lm by Stage 3 (Fig. 1C). The greatest aver-
age diameter of the corpus luteum occurred during Stage 4
(4469 ! 137 lm), whereas the diameter of the post-partum
corpus luteum was 3425 lm.
Electron microscopy of uteri
Stage 1: 0–6 days post-oestrus
The uterine surface is flattened, with many visible gland
openings (Fig. 2A). Uterine epithelial cells at this stage are
uniform and form a single layer of columnar cells with large
nuclei located in the mid-cytoplasm (Fig. 2A,B). Cell apices
are flattened or slightly domed with occasional sparse
microvilli (Fig. 2C,D). Most cells have prominent raised cell
borders, and no ciliated cells are present. The basal plasma
membranes of uterine epithelial cells are highly folded.
Cells at this stage also possess relatively few organelles,
although rounded mitochondria are prominent in secretory
cells (Fig. 2D) and some cells possess small secretory dro-
plets. Densely packed stromal cells immediately underlie
the uterine epithelium and large blood vessels occur deep
in stromal tissue (Fig. 2E). Glandular epithelial cells, such as
luminal epithelial cells, form a single layer of uniform
columnar cells, although the basal plasma membranes of
these cells are not folded.
Stage 2: 7–11 days post-oestrus
The uterine surface is folded at this stage (Fig. 3A) and uter-
ine epithelial cells are more irregular than at Stage 1
(Fig. 3B). Cells in some areas are pseudostratified columnar
(Fig. 3B). Cell apices are more rounded than at Stage 1
(Fig. 3C) and possess sparse microvilli covered in glycocalyx
fibres (Fig. 3B). Scattered ciliated cells are dispersed among
the microvillous cells (Fig. 3C). Luminal cells are domed and
secretory in appearance near the openings of uterine
glands. Some secretory droplets occur in the uterine lumen
(Fig. 3B). The stromal area around these vesicles is largely
devoid of cells, with fewer stromal cells overall than previ-
ously (Fig. 3D). Glandular epithelial cells are elongated and
pseudostratified columnar by this stage and are secretory
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(Fig. 3E). Blood vessels underlie the uterine epithelium
(Fig. 3D).
Stage 3: 11–13 days post-oestrus
By Stage 3, most uterine epithelial cells are rounded
with domed apices (Fig. 4A,B), and many have short
spiky microvilli (Fig. 4A). These cells are secretory in
appearance and some even appear to be budding off
into the uterine lumen (Fig. 4C,D). These cells are pseu-
dostratified columnar and elongated relative to previous
stages (Fig. 4D). Abundant organelles and secretory vesi-
cles are present in the cytoplasm, particularly rounded
mitochondria, dark-staining vesicles in the apical region,
and elongated nuclei (Fig. 4B). Glands are not obvious
in the stroma at this stage.
Stage 4: 13–17.5 days post-oestrus
By this stage, the uterine surface is more folded than for
previous stages. Uterine epithelial cells form a mixed popu-
lation of cells with short microvilli, ciliated cells, and domed
protruding cells (Fig. 5A,B). These domed cells appear
highly secretory, as for the previous stage, but protrude fur-
ther into the uterine lumen (Fig. 5B,C). Uterine epithelial
cells possess large pale nuclei and numerous round mito-
chondria (Fig. 5C). Some cells also have large lipid-filled
vesicles, and scattered smaller vesicles (Fig. 5C). Scattered
pale degenerative cells occur in the uterine epithelium by
this stage. Blood vessels underlie the uterine epithelium
(Fig. 5D), although some are distorted. In some regions of
the uterus, endothelial and stromal cells are interspersed
(Fig. 5C), particularly where luminal cells are extremely
domed. As for Stage 2, large vacuoles occur in the stroma,
which by this stage almost displace the uterine epithelium,
as well as some long, thin stromal cells and abundant acel-
lular material (Fig. 5C). No obvious glands occur in the
stroma at this stage.
Stage 5: > 17.5 days post-oestrus (postpartum)
The uterine surface is flattened relative to previous stages
and cells are less domed than previously (Fig. 6A), forming
a mixed population of cells similar to Stage 4. Some larger
cells possess short spiky microvilli (Fig. 6A,B). Numerous cili-
ated cells are scattered throughout (Fig. 6B) and these con-
tain abundant small round mitochondria and prominent
basal bodies (Fig. 6C). Many small secretory droplets occur
in the uterus (Fig. 6B). Some regions of the uterus are
highly secretory (Fig. 6D). Cells in these regions are highly
disorganized and appear to be actively shedding cytoplas-
mic material into the lumen. Occasional intercellular spaces
occur (Fig. 6D).
Anoestrus – juvenile female
The uterine surface is folded with numerous gland open-
ings and ciliated cells (Fig. 7A). Uterine epithelial cells are
pseudostratified columnar and extremely elongated and
irregular (Fig. 7B). The cytoplasm of these cells is denser
than for cycling females, with an elongated nucleus, numer-
ous secretory vesicles and round mitochondria in the apical
region of the cytoplasm (Fig. 7B). The uterine stroma is
tightly packed with cells.
A B
C
Fig. 1 Light micrographs of histological
sections of ovaries of Trichosurus vulpecula.
(A) Stage 1 (0–6 days post-oestrus), (B) Stage
2 (7–11 days post-oestrus), (C) Stage 3
(11–13 days post-oestrus). Primordial follicles
(arrowheads), primary follicles (arrow) and
secondary follicles (SF) occur at all stages
post-oestrus. The corpus luteum (CL)
becomes prominent in Stages 2 and 3 post-
oestrus. Sections stained with haematoxylin
and eosin; Scale bar: 400 lm.
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Cellular composition
Five cell types were identified on the uterine surface: bare
surface, sparse microvilli, dense microvilli, blebbing cells and
ciliated cells (Fig. 8A). Immediately post-oestrus (Stage 1),
bare and sparsely microvillous cells dominate the uterine
surface (Fig. 8B). The uterine epithelium becomes progres-
sively more heterogeneous, leading up to implantation as
ciliated and blebbing cells become common. Postpartum,
the population of cells resembles that of Stage 2.
Discussion
Uterine remodelling occurs throughout pregnancy and
pseudopregnancy in T. vulpecula (Fig. 9). Ovulation and
formation of a corpus luteum occur 1–2 days after oestrus
in T. vulpecula (Tyndale-Biscoe, 2005) and uterine epithelial
cells in this post-oestrus proliferative phase are distinctly
flattened and uniform. These cells become less uniform
with domed apices by the start of the luteal phase approxi-
mately 7 days post-oestrus (Stage 2), corresponding to for-
mation of the unilaminar blastocyst (Pilton & Sharman,
1962) and maximal size and vascularization of the uterus
(Crawford et al. 1997). By 13 days post-oestrus (Stage 3),
luminal epithelial cells are even more domed, elongated
and actively secreting, coinciding with a period of rapid
blastocyst expansion (Pilton & Sharman, 1962; Hughes &
Hall, 1984). Dramatic cellular changes occur around the time
of shell coat rupture and attachment of the embryo to the
uterine wall (approximately 14.5 days post-oestrus; Stage 4;
Hughes & Hall, 1984), when blood vessels come to underlie
the uterine epithelium, and the apices of luminal epithelial
cells are extremely domed and project into the lumen. Cells
maintain this secretory morphology for the remainder of
pregnancy.
Uterine remodelling is most extensive, leading up to rup-
ture of the shell coat in T. vulpecula (Stage 3). Substantial
remodelling during this period also occurs in the didelphid
A B
C
E
D
Fig. 2 Electron micrographs of uterine cells
at Stage 1 (approximately 1–6 days post-
oestrus) in Trichosurus vulpecula. (A,C)
Scanning electron micrographs. (B,D,E)
Transmission electron micrographs. (A) The
uterine surface is smooth with numerous
gland openings (arrowheads). Scale bar:
100 lm (SEM). (B) Uterine epithelial cells
(arrows) are uniform and form a single layer
of columnar cells with round central nuclei
(N). Stromal cells (Str) are densely packed
below the uterine epithelium. The basal
plasma membrane is also highly folded
(arrowheads). L, lumen. Scale bar: 5 lm
(TEM). (C) Cells have slightly domed apices,
particularly near a gland opening (arrowhead)
and prominent cell borders (arrows). Scale
bar: 20 lm (SEM). (D) Some luminal cells are
secretory (secretory droplets, SD), and contain
numerous rounded mitochondria
(arrowheads). L, lumen. Scale bar: 4 lm
(TEM). (E) Large blood vessels (BV) occur deep
in stromal tissue at this stage. UE, uterine
epithelium. Scale bar: 5 lm (TEM).
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Monodelphis domestica (endotheliochorial placentation)
which, like T. vulpecula, develops highly domed and secre-
tory luminal epithelial cells (Zeller & Freyer, 2001). Luminal
cells of the macropodid, M. eugenii (epitheliochorial pla-
centation), also become domed and rounded, although not
secretory (Freyer et al. 2002), and those of the dasyurid,
S. crassicaudata (endotheliochorial placentation), develop
complex apical structures thought to increase the surface
area for attachment (Laird et al. 2014). The marsupial shell
coat acts as a physical barrier between the embryo and the
uterine environment for most of pregnancy (Renfree &
Shaw, 2000). Hence, remodelling leading up to shell coat
rupture is expected in the marsupial uterus, as the majority
of nutrient uptake occurs after hatching, when the embryo
can directly interact with maternal cells (Renfree & Shaw,
2000). Uterine epithelial remodelling is also similar to that
of the vaginal cul-de-sac epithelium before ovulation in
T. vulpecula (Crawford et al. 1999). Remodelled cul-de-sac
cells are dramatically elongated with a 17-fold greater cyto-
plasmic volume than at the start of the oestrous cycle
(Crawford et al. 1999). Dramatic cellular changes
throughout the reproductive tract demonstrate that epithe-
lial remodelling is critical to reproductive success in
T. vulpecula.
Cellular diversity of the uterine epithelium increases lead-
ing up to implantation in T. vulpecula. Immediately post-
oestrus, the uterine epithelium consists predominately of
bare or sparsely microvillous cells, whereas densely microvil-
lous, ciliated, and blebbing cells become increasingly com-
mon in later stages. The epithelium then begins to revert to
the non-receptive state postpartum. These findings are con-
sistent with the previous finding that both progesterone
and oestradiol promote ciliogenesis and an increase in
microvillar density in the uterus of T. vulpecula (Shorey &
Hughes, 1973; Arnold & Shorey, 1985; Sizemore et al. 2004).
Increasing heterogeneity in the uterine epithelium
A B
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Fig. 3 Electron micrographs of uterine cells
at Stage 2 (approximately 7–11 days post-
oestrus) in Trichosurus vulpecula. (A,C)
Scanning electron micrographs. (B,D,E)
Transmission electron micrographs. (A) The
uterine surface is folded by this stage, but still
with numerous gland openings (arrowheads).
Scale bar: 50 lm (SEM). (B) Uterine epithelial
cells are less uniform than previously, with
round apices and short blunt microvilli
(arrowheads). Fluid-filled vesicles (V) occur
among the stromal cells. L, lumen. Scale bar:
5 lm (TEM). (C) Cell apices are domed
relative to previously and ciliated cells
(arrowheads) are scattered among
microvillous cells. Scale bar: 20 lm (SEM). (D)
Blood vessels (BV) occur closer to the uterine
epithelium (UE). Parts of the stroma are filled
with an acellular fluid material (arrows). L,
lumen. Scale bar: 10 lm (TEM). (E) Glandular
epithelial cells (GEC) are pseudostratified and
project into the glandular lumen (GL). SD,
secreted droplets. Scale bar: 5 lm (TEM).
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throughout pregnancy is unexpected, as remodelling in
rodents (Murphy et al. 2000), ungulates (Wooding & Mor-
gan, 1995; Murphy et al. 2000), rabbits (Winterhager &
Denker, 1990), bats (Potts & Racey, 1971), and the marsupial
species S. crassicaudata, results in a uniform, flattened and
well-ordered epithelial layer (Murphy et al. 2000; Laird
et al. 2014). In these species, uniformity is thought to facili-
tate close apposition to, and in some cases invasion of, the
uterine epithelium by the embryo (Murphy et al. 2000;
Laird et al. 2014). Since embryos of T. vulpecula only super-
ficially interact with the uterine epithelium (Hughes, 1974),
a heterogeneous uterine epithelium, with cells presumably
capable of diverse functions (Shorey & Hughes, 1973), may
be required to maintain embryos which do not implant
invasively.
Gland abundance and secretory activity declines in late
pregnancy in T. vulpecula, as both glands and stromal cells
become progressively less common from 11 to 13 days post-
oestrus. Gland abundance also decreases during pregnancy
in many mammal species (Abd-Elnaeim et al. 1999; Zeller &
Freyer, 2001; Freyer et al. 2002; Freyer & Renfree, 2009),
and typically reflects a shift from histotrophic nutrient pro-
vision to the embryo (i.e. material secreted by uterine
glands; Wildman, 2016) to haemotrophic nutrient provision
(i.e. secretion of material from the maternal blood
circulation by luminal epithelial cells; Wildman, 2016). Initial
pre-attachment development of mammalian embryos is
supported by histotrophes from uterine glands (Wooding &
Burton, 2008), whereas haemotrophes support growth
post-attachment, either through direct embryonic contact
with maternal blood, or diffusion/active transport of
haemotrophes from maternal blood followed by secretion
by the uterine epithelium into the uterine lumen (Freyer
et al. 2003). As implantation in T. vulpecula is not invasive,
the dramatic increase in luminal epithelial cell secretion,
which precedes shell coat rupture, suggests that a shift from
histotrophic to haemotrophic nutrient provision also occurs
in this species (Zeller & Freyer, 2001). This hypothesis is sup-
ported by uterine modifications in T. vulpecula during
pregnancy that also facilitate transfer of haemotrophes in
other mammalian species with epitheliochorial placentation
(Abd-Elnaeim et al. 1999), including migration of blood ves-
sels closer to the uterine epithelium (Stage 4), development
of deep folds in the basal plasma membrane of uterine
epithelial cells, and an increase in abundance of ciliated
and densely microvillous cells in the uterine epithelium at
Stages 3 and 4, which increase the cell surface area for
secretion (Sizemore et al. 2004). After shell coat rupture,
blood vessels in some regions break down and release fluid
and blood cells into the stroma, which may then be trans-
ported directly into the uterine lumen transcellularly via
bulk flow (Fig. 5C).
The changes involved in uterine remodelling in T. vulpec-
ula, including development of large uterine projections and
modifications to support haemotrophic transfer, are thus
generally consistent with those of eutherian mammals with
epitheliochorial (non-invasive) placentation, including
camels (Abd-Elnaeim et al. 1999), sheep (Guillomot et al.
1981) and pigs (Dantzer, 1985). This finding suggests a rela-
tionship between morphology and placental mode in
A B
C D
Fig. 4 Electron micrographs of uterine cells
at Stage 3 (approximately 11–13 days post-
oestrus) in Trichosurus vulpecula. (A,C)
Scanning electron micrographs. (B,D)
Transmission electron micrographs. (A)
Uterine epithelial cells remain domed and
possess short spiky microvilli. Scale bar:
10 lm (SEM). (B) Some cells are secretory
and release their cytoplasmic contents into
the uterine lumen (L). These cells have
extremely enlarged rounded mitochondria
(arrowheads). Scale bar: 4 lm (TEM). (C) SEM
surface view of a similar region to (B)
showing extremely domed epithelial cells;
Scale bar: 20 lm. (D) Uterine cells contain
abundant organelles by this stage, including
round mitochondria (arrowheads) and small
lipid droplets. L, lumen. Scale bar: 4 lm
(TEM).
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marsupials, which is unexpected, given the different repro-
ductive strategies used by eutherian mammals and marsupi-
als. However, this hypothesis is not supported by the
morphological changes of other marsupial species. For
example, similarities occur between uterine changes in
T. vulpecula and M. eugenii (epitheliochorial placentation),
including migration of blood vessels towards the luminal
surface and folding of the basal plasma membrane of lumi-
nal cells; however, remodelling in these two species differs
in several important ways. In contrast to T. vulpecula, preg-
nancy in M. eugenii involves an extended phase of glandu-
lar secretion, which continues until birth (Renfree, 1980;
A B
C D
Fig. 5 Electron micrographs of uterine cells
at Stage 4 (approximately 13–17.5 days post-
oestrus) in Trichosurus vulpecula. (A,B)
Scanning electron micrographs. (C,D)
Transmission electron micrographs. (A)
Extremely domed epithelial cells are more
common in the uterus by this stage. Scale
bar: 100 lm (SEM). (B) Uterine cells are
highly secretory in appearance and project far
into the uterine lumen. Scale bar: 20 lm
(SEM). (C) Cross-section through a similar
region to B). Cells are extremely domed and
elongated and contain very large lipid
droplets (LD). Large regions of fluid underlie
the uterine epithelium, and blood cells
(arrows) come into close contact with
epithelial cells. L, lumen. Scale bar: 10 lm
(TEM). (D) Large blood vessels (BV) lie close
to, and distort, the uterine epithelium. L,
lumen. Scale bar: 4 lm (TEM).
A B
C D
Fig. 6 Electron micrographs of uterine cells
at Stage 5 (approximately > 17.5 days post-
oestrus, postpartum) in Trichosurus vulpecula.
(A,B) Scanning electron micrographs. (C,D)
Transmission electron micrographs. (A)
Uterine epithelial cells are still domed
postpartum but much less so than previous
stages. The uterine surface is relatively
flattened. Scale bar: 20 lm (SEM). (B) Small
secreted droplets (arrowheads) occur in the
uterus. Both ciliated and microvillous cells are
present. Scale bar: 10 lm (SEM). (C)
Numerous ciliated cells occur in the uterus
postpartum. These contain small round
mitochondria (arrowheads) and extremely
prominent basal bodies associated with the
cilia (arrows). Scale bar: 4 lm (TEM). (D)
Large secretory vesicles (SV) occur in the
uterine lumen, along with cellular debris.
Intercellular spaces (ICS) were occasionally
seen between adjacent uterine epithelial cells.
Scale bar: 10 lm (TEM).
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Freyer et al. 2002), while minimal luminal cell secretion
occurs. Hence, unlike T. vulpecula, both histotrophic and
haemotrophic nutrition support embryonic development
after attachment in M. eugenii (Freyer et al. 2002). In addi-
tion, M. eugenii displays maternal recognition of preg-
nancy, as the endometrium proliferates only in response to
the presence of an embryo (Renfree, 2000; Freyer et al.
2002), whereas in T. vulpecula, uterine remodelling occurs
in both the pregnant and non-pregnant oestrous cycle.
Interestingly, uterine changes in T. vulpecula are similar to
A B
Fig. 7 Electron micrographs of epithelial cells
in the uterus of Trichosurus vulpecula
(juvenile female). (A) The uterine surface is
folded, with deep ridges; Scale bar: 100 lm
(SEM). (B) Uterine cells are pseudostratified
with irregularly shaped nuclei (N) and solitary
cilia (TEM). L, lumen. Scale bar: 3 lm.
A
B
Fig. 8 Cellular composition of the uterine epithelium of Trichosurus
vulpecula. (A) Scanning electron micrograph depicting representatives
of the five distinct cell types: bare cells (#), sparse microvilli (filled
arrowhead), dense microvilli (arrow), blebbing cells (*), ciliated cells
(open arrowheads); Scale bar: 20 lm. (B) Relative proportions of each
cell type on the uterine surface throughout pregnancy. Data are pre-
sented as means of arcsine-transformed proportions for each stage of
pregnancy (SEM < 0.05).
Fig. 9 Summary of changes to uterine epithelial cell morphology of
Trichosurus vulpecula aligned with major ovarian and embryonic
events during pregnancy; LEs, luminal epithelial cells; CL, corpus
luteum. 1Tyndale-Biscoe (2005); 2Pilton & Sharman (1962); 3Hughes &
Hall (1984); 4Shorey & Hughes (1973).
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those of M. domestica, which has invasive endotheliocho-
rial placentation, as M. domestica also demonstrates many
of the uterine changes typical of eutherian species with
non-invasive implantation (Freyer & Renfree, 2009). Thus
although uterine morphology during pregnancy in
T. vulpecula is consistent with that of eutherian mammals
with the same placental mode, variability in uterine mor-
phology among marsupial species suggests that morphol-
ogy may not be related to placental type in marsupials.
Marsupials in the clade Didelphidae (including M. do-
mestica) are ancestral and display reproductive traits of
the marsupial common ancestor (Freyer et al. 2003). Many
of these traits also characterize pregnancy in the clade
Phalangeridae (including T. vulpecula), particularly a
decrease in histotrophic nutrition and a lack of maternal
recognition of pregnancy (Freyer et al. 2003). In contrast,
macropodids (including M. eugenii), display many derived
reproductive characteristics (Freyer et al. 2003). As the
marsupial common ancestor likely had invasive implanta-
tion (Zeller & Freyer, 2001; Freyer et al. 2003), non-invasive
attachment has most likely arisen independently in pha-
langerids and macropodids. Hence, differences in uterine
remodelling among marsupial species with non-invasive
attachment may reflect different evolutionary histories.
Comparison of uterine changes between marsupial species
demonstrates that much of the uterine remodelling in
marsupials, unlike eutherian mammals, may not be related
to mode of attachment and may instead reflect evolution-
ary relationships between marsupial lineages.
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Abstract 
Pregnancy in mammals requires remodelling of the uterus to become receptive to 
the implanting embryo. Remarkably similar morphological changes to the uterine 
epithelium occur in both eutherian and marsupial mammals, irrespective of placental 
type. Nevertheless, molecular differences in uterine remodelling indicate that the 
marsupial uterus employs maternal defences, including molecular reinforcement of 
the uterine epithelium, to regulate embryonic invasion. Non-invasive (epitheliochorial) 
embryonic attachment in marsupials likely evolved secondarily from invasive 
attachment, so uterine defences in these species may prevent embryonic invasion. 
We tested this hypothesis by identifying localization patterns of talin, a key basal 
anchoring molecule, in the uterine epithelium during pregnancy in the tammar 
wallaby (Macropus eugenii; Macropodidae) and the brush tail possum (Trichosurus 
vulpecula; Phalangeridae). Embryonic attachment is non-invasive in both species, 
yet talin undergoes a clear distributional change during pregnancy in M. eugenii, 
including recruitment to the base of the uterine epithelium just before attachment 
which closely resembles that of invasive implantation in the marsupial species 
Sminthopsis crassicaudata. Basal localization occurs throughout pregnancy in T. 
vulpecula, although, as for M. eugenii, this pattern is most specific prior to 
attachment. Such molecular reinforcement of the uterine epithelium for non-invasive 
embryonic attachment in marsupials supports the theory that less-invasive and non-
invasive embryonic attachment in marsupials may have evolved via accrual of 
maternal defences. Recruitment of basal molecules, including talin, to the uterine 
epithelium may have played a key role in this transition.  
 
 
 
 53 
Keywords: focal adhesion, talin, implantation, uterus, pregnancy 
 
 Introduction 
Successful pregnancy in mammals requires intimate contact between the 
embryo and the epithelial cell lining of the uterus (Schlafke and Enders, 1975; Wu et 
al, 2011). Contact occurs as the embryo implants and forms a placenta, which 
provides the embryo’s nutrient, gas exchange, and waste removal requirements 
throughout its growth and development in utero (Wildman et al, 2006; Ramirez-Pinilla 
et al, 2012). Under normal conditions, implantation is prevented by unsuitable uterine 
conditions, particularly by cell morphology of the uterine epithelium, which forms the 
first physical barrier to an implanting embryo. Implantation can only occur when the 
uterine epithelium is remodelled to become receptive to the embryo (Orchard and 
Murphy, 2002; Murphy, 2004; Zhang et al, 2013). Remodelling occurs in all plasma 
membrane regions, and the resulting alterations are collectively termed the plasma 
membrane transformation (Murphy, 2004). 
 Alterations to the basal plasma membrane are particularly important as they 
affect how strongly the uterine epithelium attaches to the underlying tissue (Kaneko 
et al, 2008; 2013), and thus how easily the epithelium can be breached by an 
invading embryo. Focal adhesions are important basal anchors of uterine epithelial 
cells (Kaneko et al, 2008; 2009; 2011). In laboratory rodents, focal adhesions 
disassemble before implantation of the embryo to facilitate both sloughing of the 
uterine epithelium and highly invasive implantation (Enders and Schlafke, 1967; 
Schlafke and Enders, 1975). Disassembly involves loss of key focal adhesion 
proteins, including talin, from the basal plasma membrane early in pregnancy 
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(Kaneko et al, 2008; 2013). In contrast, focal adhesions remain intact in a marsupial 
species with moderately invasive placentation, Sminthopsis crassicaudata (Laird et 
al, 2015; 2017a), and talin is recruited to reinforce the base of the uterine epithelium, 
likely in response to the implanting embryo. This pattern of recruitment indicates that 
invasive implantation is not facilitated in S. crassicaudata in the same manner as in 
rodent pregnancy, and that basal reinforcement may be a maternal strategy to 
regulate embryonic invasion in S. crassicaudata (Fowden and Moore, 2012; Laird et 
al, 2017a).  
 Embryonic invasion can involve significant maternal tissue destruction, so 
strategic uterine regulation of this process is critical (Moffett and Loke, 2006). For 
example, contact with maternal blood maximizes the potential for embryonic 
manipulation of maternal physiology (Wooding and Flint, 1994; Vogel, 2005), and 
may enable the embryo to access additional nutrients from the blood that the mother 
may not otherwise provide (Crespi and Semeniuk, 2004; Vogel, 2005; Moore, 2012).  
 Marsupial pregnancy is characterized by less invasive embryonic attachment 
than that of eutherian mammals (Freyer et al, 2003). Since embryonic implantation in 
the common ancestor of living marsupials was probably invasive, non-invasive 
placentation in marsupials is most likely secondarily derived (Freyer et al, 2003). 
Thus, the persistence of maternal defences against the marsupial embryo in 
pregnancy suggest that less-invasive and non-invasive modes of embryonic 
attachment may have evolved by accumulating maternal defences against the 
invading embryo (Crespi and Semeniuk, 2004; Vogel, 2005; Carter and Mess, 2007; 
Laird et al, 2015; 2017a). We tested this hypothesis by conducting the first study of 
focal adhesion dynamics during pregnancy in marsupial species with non-invasive 
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embryonic attachment – the tammar wallaby, Macropus eugenii, and the brush tail 
possum, Trichosurus vulpecula. Non-invasive attachment in phalangerid and 
macropodid marsupials likely evolved independently (Freyer et al, 2003; Bininda-
Emonds et al. 2007), so comparison of these species can identify if maternal 
defences are required for successful embryonic attachment in marsupials, and how 
varied such maternal strategies are across lineages.  
 The annual breeding cycle of M. eugenii is highly predictable and involves 
both lactational and seasonal diapause (Tyndale-Biscoe and Renfree, 1987; Renfree 
and Shaw, 2014). Ovulation alternates between ovaries, and only one of the two 
separate uteri carries an embryo at a time (monovular) (Renfree, 2000; Tyndale-
Biscoe, 2005). Mating occurs immediately after birth during a post-partum oestrus 
(Tyndale-Biscoe and Renfree, 1987; Renfree, 1993; Rudd, 1994). Ovulation occurs 
the day after birth, and the embryo enters the uterus 1 day later. The embryo 
develops to the unilaminar blastocyst stage by Day 7-8 of gestation before it enters 
diapause, which is initiated by the sucking stimulus of the pouch young. Diapause is 
controlled by lactational inhibition of growth of the corpus luteum resulting from this 
suckling stimulus between January and May (Renfree and Shaw, 2000; Hinds and 
Tyndale-Biscoe, 2013), and after the winter solstice is under photoperiodic control 
until the summer solstice, when the diapausing blastocyst reactivates (Tyndale-
Biscoe and Renfree, 1987; Renfree, 1993; Renfree and Shaw, 2000; 2014). The 
reactivated, unilaminar blastocyst then continues development. Embryonic 
attachment occurs around Day 18 after conception, when the shell coat ruptures 
(Denker and Tyndale-Biscoe, 1986; Menzies et al, 2011), with birth on Day 26.5 
(Renfree et al, 1989).  
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 Trichosurus vulpecula has an oestrous cycle of 28 days (Tyndale-Biscoe, 
2005), a 17.5-day gestation period (Pilton and Sharman, 1962; Sizemore et al, 
2004), and does not undergo developmental arrest. Like M. eugenii, T. vulpecula is 
monovular, and ovulation of a single egg occurs 1-2 days after oestrus. Non-invasive 
attachment of the embryo occurs approximately 14 days after conception, with birth 
3-4 days later (Tyndale-Biscoe, 2005). Lactation suppresses ovulation, and the 
female enters oestrus again after the young is weaned, at approximately 110 days 
post-oestrus. 
 We combined immunofluorescence microscopy and Western blotting to 
identify patterns of talin localization in the uterus throughout pregnancy in these two 
marsupials. As the embryo does not breach the uterine epithelium in M. eugenii 
(Freyer et al, 2003) or T. vulpecula (Pilton and Sharman, 1962), specific recruitment 
of talin to the uterine lining before implantation, as occurs in S. crassicaudata, would 
strongly suggest that uterine defences prevent invasion of the embryo and are 
ubiquitous in marsupial pregnancy. 
 
Results 
 
Light microscopy 
 Uterine epithelial cells of M. eugenii were pseudostratified columnar and 
arranged irregularly after reactivation of the embryo (Stage 1) (Figure 1a). Underlying 
stromal cells were densely packed, and glandular epithelial cells resembled those of 
the uterine epithelium. By Stage 2 (pre-implantation), uterine epithelial cells were 
less elongated and more regularly arranged than in Stage 1 (Figure 1b). Most cells  
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Figure 1: Light micrographs of uterine structure during pregnancy in M. eugenii. (a) 
Stage 1; (b) Stage 2; (c) Stage 3; (d) Stage 4. Scale bars, 40 μm. Arrows = domed 
apices, arrowheads = intercellular spaces. GEC, glandular epithelial cells; GL, 
glandular lumen; L, lumen; S, stroma (S); UEC, uterine epithelial cells. Cells stained 
with haemotoxylin and eosin. 
 
were no longer pseudostratified and had rounded nuclei. Glandular epithelial cells 
were similar to uterine epithelial cells, but more elongated. Stromal cells underlying 
the uterine epithelium were sparse relative to Stage 1. Uterine epithelial cells had 
developed domed apices by Stage 3 (implantation), and possessed basal, rounded 
nuclei (Figure 1c). Intercellular spaces between adjacent epithelial cells occurred 
along the uterine epithelium. Glandular epithelial cells lacked these spaces, and did 
not develop rounded apices. Stromal cells remained relatively sparse at this stage. 
By Stage 4 (post-implantation), uterine epithelial cells were low and cuboidal with 
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large, rounded nuclei and often possessed domed apices (Figure 1d). No 
intercellular spaces occurred at this stage. Stromal cells were more abundant at 
Stage 4 than for Stages 2 and 3. Glandular epithelial cells resembled those of Stage 
3. 
 Uterine epithelial cells of T. vulpecula at Stage 1 of pregnancy were columnar 
with uniform basal nuclei (Figure 2a). The uterine epithelium was also highly folded, 
and the underlying stromal region was densely packed with cells as well as uterine 
glands. Uterine epithelial cells at Stage-2 (pre-implantation) were pseudostratified 
columnar with large elongated nuclei (Figure 2b). By Stage 3 (implantation), uterine 
epithelial cells were irregularly arranged and elongated. Some small intercellular 
spaces were observed, and the underlying stromal cells were sparse relative to 
Stages 1 and 2 (Figure 2c). No uterine glands were observed in Stage 3. By Stage 4 
(post-implantation), the uterine epithelium was highly folded, with irregular uterine 
epithelial cells (Figure 2d). These cells were low and cuboidal, and large spaces 
occurred between cells. Stromal cells at Stage 4 were more sparsely distributed than 
for Stage 3. No glands were observed in the uterus at this stage. 
  
Immunofluorescence microscopy 
 Talin localization was punctate and diffuse in the stromal cells underlying the 
uterine epithelium after embryonic reactivation in M. eugenii (Stage 1) (Figure 3a). 
Talin was not specifically localized to the basal plasma membrane of uterine 
epithelial cells, although some cytoplasmic staining occurred in these cells. By Stage 
2 (pre-implantation), talin was present as a diffuse, prominent band at the base of 
the uterine epithelium (Figure 3b). Stromal staining of talin appeared to be less  
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Figure 2: Light micrographs of uterine structure during pregnancy in T. vulpecula. (a) 
Stage 1; (b) Stage 2; (c) Stage 3; (d) Stage 4. Scale bars, 40 μm. Arrowheads = 
intercellular spaces. L, lumen; S, stroma; UEC, uterine epithelial cells. Cells stained 
with haemotoxylin and eosin. 
 
diffuse and more punctate by this stage, particularly concentrated around stromal 
cell nuclei. Cytoplasmic staining still occurred in the uterine epithelium. By Stage 3, 
talin remained as a prominent band that was tightly localized to the basal plasma 
membranes of uterine epithelial cells; stromal staining was faint and diffuse (Figure 
3c). Localization of talin at Stage 4 (post-implantation) resembled that of Stage 1 as 
talin was present as a diffuse, basal band of staining in stromal cells that was no 
longer tightly localized to the base of the uterine epithelium (Figure 3d). A prominent   
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Figure 3: Immunofluorescence micrographs of talin localization in uterine epithelial 
cells during pregnancy in M. eugenii. (a) Stage 1; (b) Stage 2; (c) Stage 3; (d-e) 
Stage 4. Talin localization (arrow) is green, nuclei are labeled with DAPI (blue). 
Arrowhead = trophoblastic cells. Scale bars, 20 μm (a-d), 100 μm (e). EC, 
trophoblastic cells; GEC, glandular epithelial cells; L, lumen; S, stroma; UEC, uterine 
epithelial cells. 
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basal band of talin also occurred at the base of embryonic cells. Folds of the uterine 
epithelium interdigitated with those of the placental membranes (Figure 3e), resulting 
in extremely close apposition of uterine and embryonic tissue. 
 In T. vulpecula, talin was present as a prominent band at the base of the 
uterine epithelium immediately post-oestrus (Stage 1), with some faint cytoplasmic 
staining (Figure 4a). Talin was also tightly localized to the base of glandular epithelial 
cells at this stage, while punctate talin localization occurred at the peripheries of 
stromal cells. Talin remained localized to the base of the uterine epithelium at Stage 
2 (pre-implantation), although the basal band was more prominent than at Stage 1 
(Figure 4b). Basal localization of talin still occurred for glandular epithelial cells, while 
that of stromal cells was less punctate than for the previous stage. By Stage 3 
(implantation period), talin was specifically localized to the basal plasma membrane 
of uterine epithelial cells, although cytoplasmic staining was also present in these 
cells (Figure 4c). Talin was less tightly localized to the base of the uterine epithelium 
at Stage 4 (post-implantation) than for Stages 2 and 3, yet still occurred as a basal 
band (Figure 4d). Diffuse cytoplasmic staining also occurred in the uterine epithelium 
at Stage 4, with diffuse and punctate stromal staining. 
  
Controls 
 No talin localization occurred in negative control samples (primary antibody 
replaced with IgG antibody) (Figure 5a-b). In contrast, prominent basal localization of 
talin occurred in positive control tissue (rat uterus on Day 1 of pregnancy) (Figure 
5c). 
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Figure 4: Immunofluorescence micrographs of talin localization in uterine epithelial 
cells during pregnancy in T. vulpecula. (a) Stage 1; (b) Stage 2; (c) Stage 3; (d) 
Stage 4. Talin localization (arrow) is green, nuclei are labeled with DAPI (blue). Scale 
bars, 20 μm. GL, glandular lumen; L, lumen (L); S, stroma; UEC, uterine epithelial 
cells.  
 
 
Western blotting 
 Talin was detected as a doublet at approximately 225 kDa at all stages of 
pregnancy for M. eugenii (Figure 6a) and T. vulpecula (Figure 6b). Talin was also 
detected as a doublet at approximately 225 kDa in isolated rat epithelial cells at Day 
1 of pregnancy (Figure 6c). The loading control (monoclonal β-actin antibody) 
showed no difference for the amount of protein loaded for each sample (not shown). 
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Figure 5: Immunofluorescence micrographs of control tissue. No specific staining for  
talin occurred in negative control tissue (primary antibody substituted with IgG 
antibody) for M. eugenii (a) or T. vulpecula (b). (c) Positive control tissue (rat uterus 
on Day 1 of pregnancy) showed a distinct band of basal talin localization(arrow). 
Scale bars, 20 μm. GL, glandular lumen; L, lumen; S, stroma; UEC, uterine epithelial 
cells.  
 
 
Discussion 
 Changes in basal plasma membrane dynamics occur in, and are likely to be 
important for, preparation for non-invasive embryonic attachment in M. eugenii and 
T. vulpecula. Talin was redistributed in both species prior to uterine receptivity and  
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Figure 6: Immunoblot of whole-cell lysate from uterine tissue probed with a 
monoclonal mouse anti-talin antibody (20 μL of total protein loaded per pregnancy 
stage). Talin was identified as a doublet at ~225 kDa at all pregnancy stages in M. 
eugenii (a) and T. vulpecula (b), as well as in rat uterine tissue on Day 1 of 
pregnancy (c). 
 
 
 
 
 
 
 
 
 
 
Figure 7: Summary of reproductive staging for M. eugenii and T. vulpecula, based on 
major reproductive events. Stage 1 of M. eugenii pregnancy followed reactivation of 
the embryo after developmental arrest (Tyndale-Biscoe and Renfree, 1987; Renfree, 
1993; Renfree and Shaw, 2000; 2014). Stage 1 of T. vulpecula pregnancy followed 
behavioural oestrus (Pilton and Sharman, 1962, Sizemore et al, 2004; Tyndale-
Biscoe, 2005). 
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implantation, and specifically localized to the basal plasma membrane of uterine 
epithelial cells during the attachment period. 
 Talin localization in the uterus at all stages of pregnancy indicates that focal 
adhesions do not disassemble in M. eugenii and T. vulpecula. In contrast, focal 
adhesion disassembly in rodents involves loss of talin from the base of the uterine 
epithelium, reducing adhesion between the uterine epithelium and the underlying 
stromal tissue and facilitating highly invasive implantation (Kaneko et al, 2008; 
2013). Maintenance of focal adhesions throughout pregnancy in M. eugenii and T. 
vulpecula, with non-invasive embryonic attachment, was expected since focal 
adhesions also remain intact in eutherian mammal species with non-invasive 
implantation (Moffett and Loke, 2006; Kaneko et al, 2013). Additional apical focal 
adhesions form to create a cellular connection between the uterine epithelium and 
the embryo in both pigs and sheep (Johnson et al, 2001; Garlow et al, 2002), 
although no apical recruitment of talin occurs in M. eugenii and T. vulpecula.  
 Talin became tightly localized to the base of the uterine epithelium during the 
period of uterine receptivity in both M. eugenii and T. vulpecula. This pattern likely 
corresponds with the period of strongest adhesion between the uterine epithelium 
and underlying cells (Kaneko et al, 2008). Similar localization of talin occurs in 
preparation for invasive implantation in S. crassicaudata, in which talin is recruited to 
reinforce the uterine epithelium against the invading embryo (Laird et al, 2015; 
2017a). Such molecular reinforcement of the uterine epithelium may be a maternal 
strategy to regulate embryonic invasion in S. crassicaudata (Laird et al, 2015; 
2017a), and likely evolved to mitigate conflict between mother and embryo (Fowden 
and Moore, 2012).  
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 Although under-restriction of embryonic invasion enables greater access to 
maternal resources, it can lead to adverse maternal consequences, including tissue 
damage and manipulation of maternal physiology (Crespi and Semeniuk, 2004; 
Vogel, 2005; Fowden and Moore, 2012; Moore, 2012). In contrast, mechanisms that 
restrict embryonic invasion also potentially limit embryonic access to maternal 
resources. Placentation is thus a trade-off between facilitation and restriction of 
embryonic invasion that ensures both maternal protection and successful embryonic 
development (Moffett and Loke, 2006). Indeed, the specific, basal recruitment of talin 
in M. eugenii, T. vulpecula, and S. crassicaudata suggests that this pattern may also 
be a uterine defence mechanism that prevents removal of the uterine epithelium, 
irrespective of placentation mode in marsupials. This hypothesis is supported by 
cellular alterations of both M. eugenii and T. vulpecula that likely compensate for 
restricted resource access by facilitating haemotrophic nutrient transfer from 
maternal blood across the uterine epithelium, including apical migration of maternal 
blood vessels and folding of the base of uterine epithelial cells to increase surface 
area (Freyer et al, 2002; Laird et al, 2017b). Thus, maintenance of the uterine 
epithelium in M. eugenii and T. vulpecula likely affords maternal protection without 
compromising embryonic development, and thus plays a critical role in balancing 
maternal and embryonic requirements in marsupial pregnancy, irrespective of 
placentation mode. 
 Marsupial species likely achieve non-invasive embryonic attachment by 
utilizing a variety of uterine strategies to exclude the embryo. Additional strategies 
may involve redistribution of other focal adhesion molecules, including integrins and 
focal adhesion kinase, which play important structural and signalling roles in rodents, 
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humans, and pigs (Garlow et al, 2002; Kaneko et al, 2012; Burkin et al, 2013). 
Alterations to lateral adhesion between adjacent epithelial cells may also be 
involved. In S. crassicaudata, for example, lateral adhesion is reduced before 
implantation as adhesion points (desmosomes) decrease in abundance and 
redistribute (Dudley et al, 2015). Lateral changes may also occur in M. eugenii and 
T. vulpecula to reinforce the uterine epithelium and prevent invasion. 
 Basal reinforcement of the uterine epithelium in M. eugenii, T. vulpecula, and 
S. crassicaudata, irrespective of the mode of embryonic attachment, suggests that 
maternal defences are ubiquitous in marsupial pregnancy. As reinforcement occurs 
even in species with non-invasive attachment, this study supports the theory that 
maternal uterine strategies may regulate, and even prevent, embryonic invasion, and 
that accumulation of such defences could provide a mechanism by which less 
invasive and non-invasive modes of attachment have evolved secondarily from 
invasive implantation in mammals (Vogel, 2005; Carter and Mess, 2007; Martin, 
2008; Capellini, 2012; Fowden and Moore, 2012; Mess, 2014). Indeed, non-invasive 
implantation is a derived trait of several eutherian groups, including ungulates (Mess 
and Carter, 2007; Ferner and Mess, 2011). Embryos of pigs (Samuel and Perry, 
1972) and horses (Adams and Antczak, 2001) removed from the uterus undergo 
highly invasive implantation at an ectopic site, demonstrating that the uterus actively 
prevents invasion in these species under the conditions of normal pregnancy. Similar 
studies of marsupial embryos will help determine how the marsupial uterus affects 
embryonic invasion, and identify the role of maternal defences in the evolution of 
mammalian pregnancy. 
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Materials and methods 
  
Tissue harvest and processing  
 All collection of samples of M. eugenii was approved by the University of 
Melbourne Institutional Animal Ethics Committees and conformed to the Australian 
National Health and Medical Research Council (2013) guidelines. Collection of 
samples of T. vulpecula was a secondary use from a cull approved by the Animal 
Ethics Committee of Landcare Research, New Zealand. 
 Tissue from wild M. eugenii was collected on Kangaroo Island, South 
Australia, from wild animals at all stages of pregnancy. Uterine tissue from animals 
with a new pouch young before developmental arrest of the embryo (approximately 
Day 8 of gestation) was not included in this study as uterine changes during this 
period are associated with preparation for initiation of diapause, not embryonic 
attachment (Laird et al, 2016). We divided post-diapause, active pregnancy of M. 
eugenii pregnancy into four time periods relating to major reproductive events 
(Figure 7): Stage 1 (after embryonic reactivation; Days 9-12 of gestation; n = 2), 
Stage 2 (pre-implantation; Days 13-17; n = 3), Stage 3 (shell coat rupture and early 
implantation; Days 18-20; n = 2), and Stage 4 (post-implantation; Days 21-26; n = 6). 
 Uterine tissue of wild T. vulpecula was obtained opportunistically from a cull 
undertaken in the Orongorongo Valley near Wellington, New Zealand. Brush-tail 
possums in New Zealand breed from February to April (Crawley, 1973; Tyndale-
Biscoe, 1955), so a complete set of reproductive-stage tissues from 13 females was 
collected over two seasons (April 2014 and March 2015). We divided normal 
gestation in T. vulpecula into four time periods (approximate number of days post-
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oestrus) relating to reproductive events and based on uterine and ovarian 
morphology following Laird et al. (2017b) (Figure 7): Stage 1 (0-6d post-oestrus; n= 
6), Stage 2 (7-11d post-oestrus; n= 2), Stage 3 (12-14d post-oestrus; n= 4), Stage 4 
(15-17.5d post-oestrus; n= 1).  
 Uterine tissue of both M. eugenii and T. vulpecula was processed for light 
microscopy, immunofluorescence microscopy, and Western blotting.  
 
Light microscopy 
 Uterine tissue from M. eugenii was fixed in 4% paraformaldehyde for 24 hours 
under gentle rotation, washed in three changes of phosphate buffered saline (PBS), 
and stored in 100% methanol. This tissue was then embedded in paraffin, serially 
sectioned (8 μm) using a Tissue-Tek Accu-CutTM microtome (Sakura, Tokyo, Japan), 
and mounted on gelatin-coated slides. Sections on slides were dried overnight at 
40˚C, and then dehydrated through a graded series of ethanol before staining with 
haemotoxylin and eosin (Drury and Wallington, 1980).  
 Uterine tissue of T. vulpecula was coated with Tissue-Tek OCT cryoprotectant 
(Sakura, Tokyo, Japan), and frozen by brief immersion in super-cooled isopentane. 
Frozen tissue was then sectioned (8 μm) at -25˚C using a Leica CM3050 S cryostat 
(Leica, Heerbrugg, Switzerland). Sections were collected on gelatin-coated slides, 
and stained as for M. eugenii, omitting the dehydration step. 
 Stained sections for both M. eugenii and T. vulpecula were examined using an 
Olympus DX-53 digital microscope (Olympus, Tokyo, Japan), with CellSens imaging 
software. 
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Immunofluorescence microscopy 
 Tissue for immunofluorescence was coated with Tissue-Tek OCT 
cryoprotectant (Sakura, Tokyo, Japan), briefly immersed in super-cooled isopentane, 
and stored in liquid nitrogen. Tissues were sectioned (8 μm) at -25˚C using a Leica 
CM3050 S cryostat (Leica, Heerbrugg, Switzerland), and mounted on gelatin-coated 
slides. Tissue sections were fixed for 10 min at room temperature in 4% 
paraformaldehyde, blocked for 30 min with 1% bovine serum albumin (BSA) in PBS, 
and incubated for 2 h with mouse monoclonal anti-talin antibody (cat. no. T3287; 
Sigma-Aldrich, Castle Hill, Sydney) (1:2000 dilution of antibody in 1% BSA in PBS) 
Slides were then rinsed in PBS, and incubated for 1 h with goat anti-mouse 
fluorescein isothiocynate-conjugated IgG antibody (cat. no. 115-095-116; Jackson 
Immunoresearch Laboratories, West Grove, PA) (1:5000 dilution of antibody in 1% 
BSA in PBS). After further rinsing, the tissue was allowed to air dry before mounting 
with Vectashield mounting medium with DAPI (Vector Laboratories, Burlingame, CA). 
Images were captured using a Zeiss deconvolution microscope (Carl Zeiss, 
Australasia) fitted with a Zeiss AxioCam HR monochrome CCD camera, using Zen 
imaging software (Version 7.1). Negative controls were prepared as above by 
substituting the primary antibody with 1 mg/mL mouse IgG purified immunoglobulin 
(cat. no. I5381; Sigma-Aldrich). Positive control slides were of rat uterine tissue at 
Day 1 of pregnancy (Kaneko et al, 2008).  
  
Western blotting 
 Uterine tissue, including positive control tissue (isolated rat uterine epithelial 
cells on Day 1 of pregnancy), was snap frozen immediately after excision. Samples 
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were prepared by homogenization using short bursts of vigorous shaking with 
homogenizing beads in lysis buffer with protease inhibitor cocktail (1:100 dilution) 
(Sigma-Aldrich). Extracted protein samples (5 μL) were diluted 1:100, 1:200, and 
1:400 with distilled water for determining protein concentration using the Micro 
BCATM Protein Assay Kit (Thermo Scientific, Rockford, IL), and read on a 
CLARIOstar Microplate reader (BMG LabTech, Durham, NC).  
 Total protein samples (20 μg) were denatured at 90˚C for 5 min in Laemmli 
sample buffer (Kaneko et al, 2008), separated on a pre-cast 10% SDS-PAGE gel for 
1.5 h at 100 V, and then transferred to a polyvinylidene fluoride membrane (Millipore 
Corporation, Bedford, MA). The membrane was blocked for 1 h in 5% skim milk in 
TBS-t (tris buffered saline with Tween (Sigma)), and then incubated overnight at 4˚C 
with mouse monoclonal anti-talin antibody (1:2000 dilution of antibody in 1% skim 
milk in TBS-t) (Sigma-Aldrich). After rinsing in TBS-t, the membrane was incubated 
for 2 h with sheep anti-mouse IgG conjugated to horseradish peroxidase (cat. no. 
GEHENA931; GE Healthcare, Buckinghamshire, UK) (1:2000 dilution of antibody in 
1% skim milk in TBS-t). Following further rinsing, the membrane was imaged using a 
Chemidoc MP Imaging System (Bio Rad Laboratories, Hercules, CA) using the ECL 
Plus Western Blotting Detection System (Amersham, GE Healthcare, 
Buckinghamshire, UK). Proteins were then stripped from the membrane by 
incubation in stripping buffer containing β-mercaptoethanol for 45 min at 60˚C. The 
membrane was then re-probed for actin following the same procedure as above, 
using a monoclonal primary antibody against β-actin (cat. no. A1978; Sigma-
Aldrich)(1:2000 dilution of antibody in 1% skim milk in TBS-t). 
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Abstract 
 In mammalian pregnancy, the uterus is remodelled to become 
receptive to embryonic implantation. Since non-invasive placentation in 
marsupials is likely derived from invasive placentation, and is underpinned by 
intra-uterine conflict between mother and embryo, species with non-invasive 
placentation may employ a variety of molecular mechanisms to maintain an 
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intact uterine epithelium and to prevent embryonic invasion. Identifying such 
modifications to the uterine epithelium of marsupial species with non-invasive 
placentation is key to understanding how conflict is mediated during 
pregnancy in different mammalian groups. Desmoglein-2, involved in 
maintaining lateral cell-cell adhesion of the uterine epithelium, is redistributed 
before implantation to facilitate embryo invasion in mammals with invasive 
placentation. We identified localization patterns of this cell adhesion molecule 
throughout pregnancy in two marsupial species with non-invasive 
placentation, the tammar wallaby (Macropus eugenii; Macropodidae) and the 
brushtail possum (Trichosurus vulpecula; Phalangeridae). Interestingly, 
Desmoglein-2 redistribution also occurs in both M. eugenii and T. vulpecula, 
suggesting that cell adhesion, and thus integrity of the uterine epithelium, is 
reduced during implantation regardless of placental type, and may be an 
important component of uterine remodeling. Desmoglein-2 also localizes to 
the mesenchymal stromal cells of M. eugenii and to epithelial cell nuclei in T. 
vulpecula, suggesting its involvement in cellular processes that are 
independent of adhesion and may compensate for reduced lateral adhesion in 
the uterine epithelium. We conclude that non-invasive placentation in 
marsupials involves diverse and complementary strategies to maintain an 
intact epithelial barrier. 
 
Keywords: uterus, Desmoglein-2, pregnancy, implantation, epitheliochorial 
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1 Introduction 
The mammalian uterus is remodeled during pregnancy to become 
receptive to the implanting embryo (Orchard and Murphy, 2002; Murphy, 
2004; Zhang et al, 2013). Receptivity involves morphological and biochemical 
alterations to the uterine epithelium, termed the plasma membrane 
transformation, that occur irrespective of placental type (Murphy, 2004).  
Phylogenetic distribution of placentation types in mammals suggests 
that placentation in the common ancestor of living eutherian mammals was 
invasive– either haemochorial or endotheliochorial (Figure 1a) (Enders and 
Carter, 2004; Carter and Mess, 2007; Martin, 2008; Elliot and Crespi, 2009). 
Recent molecular evidence and phylogenetic reconstructions also suggest 
that invasive placentation is ancestral for living marsupials (Figure 1b) 
(Bininda-Emonds et al, 2007; Mess and Ferner, 2010). Therefore, non-
invasive placentation in both eutherian mammals (Elliot and Crespi, 2009; 
Carter and Enders, 2013) and marsupials (Mess and Ferner, 2010; Ferner 
and Mess, 2011) is likely secondarily derived (Vogel, 2005; Carter and Mess, 
2007; Martin, 2008; Elliot and Crespi, 2009; Capellini, 2012; Mess, 2014).  
A potential driver of this placental transition in mammals is intra-uterine 
conflict arising from genetic differences between mothers and offspring 
(Moore and Haig, 1991; Zeh and Zeh, 2000; Crespi and Semeniuk, 2004; 
Isles and Holland, 2005). For example, invasive placentation –particularly 
haemochorial placentation– can incur negative maternal fitness 
consequences (Haig, 1993; Crespi and Semeniuk, 2004), including 
destruction of uterine tissue (Roberts et al. 2016), and can increase the 
potential for embryonic manipulation of maternal physiology to maximize 
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Figure 1: Phylogenetic distribution of placental types in Eutheria and 
Metatheria. Redrawn from Mess, 2014 for Eutheria (a), and Freyer et al, 2003 
and Luckett, 1994 for Metatheria (b) (reprinted with permission). Occurrence 
of haemochorial placentation is indicated in orange; endotheliochorial 
placentation in green; epitheliochorial placentation in blue; and unknown 
placentation type in black. 1Martin, 2008; 2Enders and Carter, 2004; 3Mess 
and Ferner, 2010; 4Freyer et al, 2003. 
 
resource allocation to the embryo, potentially beyond that which mothers are 
selected to provide (Moore and Haig, 1991; Haig, 1993; Crespi and 
Semeniuk, 2004; Moore, 2012; Fowden and Moore, 2012). Conflicts of 
interest result in an evolutionary ‘arms race’ between mother and embryo to 
control placental function (Moore, 2012), resulting in rapid evolution of diverse 
alterations to both sides of the maternal-embryonic interface in utero (Zeh and 
Zeh, 2000; Vogel, 2005; Mess and Carter, 2007; Martin, 2008). Uterine 
strategies to favor maternal control over resource allocation may thus 
underpin the transition from invasive to non-invasive placentation in mammals 
(Crespi and Semeniuk, 2004; Carter and Enders, 2013). Identifying such 
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uterine adaptations is critical to understanding how conflict is mediated during 
pregnancy among different mammalian groups.   
In eutherian mammals, embryonic invasion, and thus intra-uterine 
conflict, is mediated via decidualization (Moffett and Loke, 2006), which is a 
process of cellular transformation of stromal cells into decidual cells (Wagner 
et al, 2014). Decidual cells are a uniquely eutherian cell type that develop 
primarily in species with invasive placentation (Wagner et al. 2014), and 
regulate embryonic invasion of the uterine stroma following breaching of the 
uterine epithelium (Moffett and Loke, 2006). Marsupials, in contrast, do not 
undergo decidualization (Wagner et al. 2014; Kin et al. 2014). Therefore, 
different uterine strategies are likely involved in mitigating intra-uterine conflict 
in marsupials compared with eutherian mammals.  
Since marsupials appear to lack mechanisms of regulating embryonic 
invasion in the uterine stroma, the uterine epithelium likely plays a more 
important role in regulating implantation in marsupials than in eutherian 
mammals. This tenet is supported by molecular reinforcement of focal 
adhesions – basal connections between the uterine epithelium and the 
underlying stromal cells– prior to implantation in marsupials, irrespective of 
placentation type, thus strengthening the uterine epithelium as a barrier to 
embryonic invasion (Fowden and Moore, 2012; Laird et al, 2015; Laird et al, 
2017a,b). In contrast, basal adhesion of the uterine epithelium is lost during 
this same period in eutherian mammals as focal adhesions disassemble, thus 
facilitating embryonic invasion (Murphy, 2000; Kaneko et al, 2008; 2013).  
Lateral adhesion between adjacent epithelial cells is also critical for 
maintaining integrity of the uterine epithelium (Preston et al, 2004; 2006). In 
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eutherian mammals, lateral adhesion is reduced during uterine receptivity as 
desmosomes, lateral adhesion points, become fewer and concentrate at the 
apical region of the lateral plasma membrane (Classen-Linke and Denker, 
1990; Sarani et al, 1999; Illingworth et al, 2000; Preston et al, 2004; 2006). 
Since desmosomes confer cell-cell adhesion in the uterine epithelium, 
alterations to desmosome abundance and distribution can alter the 
permeability of the uterine epithelium and thus the ease with which it can be 
breached by an invading embryo (Preston et al, 2004; 2006).  
Desmoglein-2, an important component and marker of desmosomes, 
also apically redistributes during this period (Preston et al, 2006; Dudley et al, 
2015), indicating that cell-cell contact in the uterine epithelium is weakened in 
preparation for invasive implantation (Preston et al, 2004; 2006). Interestingly, 
this redistribution of Desmoglein-2 also occurs in the marsupial, Sminthopsis 
crassicaudata (Dudley et al, 2015) in which implantation is invasive 
endotheliochorial (Roberts and Breed, 1994), and is accompanied by loss of 
the lateral molecule, E-cadherin, suggesting further loss of lateral cell 
adhesion through modification of the adherens junction (Orchard et al, 1999; 
Dudley et al, 2017). Investigating cell adhesion dynamics in the uterine 
epithelium during marsupial pregnancy is thus critical to understanding the 
extent to which the uterine epithelium regulates embryonic invasion.  
Molecular changes in the lateral plasma membrane that are involved in 
non-invasive placentation in marsupials are unknown. To address this, we 
identified Desmoglein-2 localization in the uterus throughout pregnancy in the 
marsupial species Macropus eugenii (Macropodidae) and Trichosurus 
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vulpecula (Phalangeridae) (Figure 1b) (Pilton and Sharman, 1962; Freyer et 
al, 2003). Both species have non-invasive placentation and undergo basal 
reinforcement of the uterine epithelium leading to implantation (Laird et al, 
2017b). As non-invasive placentation likely evolved independently in 
macropodids and phalangerids (Mess and Ferner, 2010), comparison of the 
placental features of M. eugenii and T. vulpecula can identify the shared, 
essential mechanisms of non-invasive placentation in marsupials. Since 
redistribution of desmoglein-2 is associated with invasive implantation 
(Preston et al, 2006), we predict that marsupial species with non-invasive 
implantation undergo different lateral alterations to maintain an intact uterine 
epithelium. 
 Macropus eugenii has a predictable annual breeding cycle (Tyndale-
Biscoe and Renfree, 1987; Renfree and Shaw, 2014; see Laird et al (2016) 
and Laird et al (2017b) for summary timelines). Mating occurs during a post-
partum oestrus (Tyndale-Biscoe and Renfree, 1987; Renfree, 1993; Rudd, 
1994), and ovulation of a single egg occurs the following day, with ovulation 
alternating between ovaries (monovular). The embryo develops to the 
unilaminar blastocyst stage (approximately Day 7-8 of gestation), and then 
enters embryonic diapause. Between January and May, the suckling stimulus 
of the pouch young holds the embryo in arrest by inhibiting growth of the 
corpus luteum (Hinds and Tyndale-Biscoe, 1982; Renfree and Shaw, 2000). 
After the winter solstice, diapause shifts to photoperiodic control and the 
embryo is held in arrest until the summer solstice (Tyndale-Biscoe and 
Renfree, 1987; Renfree, 1993; Renfree and Shaw, 2000; Renfree and Shaw, 
 85 
2014). After reactivation, non-invasive placentation occurs between Days 17-
18 post-conception following rupture of the shell coat (Denker and Tyndale-
Biscoe, 1986; Menzies et al, 2011). Birth occurs on Day 26.5 (Renfree et al, 
1989). 
 The brushtail possum T. vulpecula has a 28-day oestrous cycle (Pilton 
and Sharman, 1962; Tyndale-Biscoe, 2005) and a 17.5-day gestation period 
(Pilton and Sharman, 1962; Sizemore et al, 2004). Like M. eugenii, T. 
vulpecula is monovular, with ovulation occurring 1-2 days after oestrus (see 
Laird et al. 2017b-c for summary timelines); however, embryos of T. vulpecula 
do not undergo developmental arrest. The embryo attaches non-invasively 
approximately 14 days after conception, with birth 3-4 days later (Tyndale-
Biscoe, 1955; Pilton and Sharman, 1962). Lactation suppresses ovulation, 
and the female enters oestrus again after weaning approximately 110 days 
post-oestrus. 
 
2 Results 
 
2.1 Immunofluorescence of uterine tissue of M. eugenii 
 After embryonic reactivation (Stage 1), Desmoglein-2 is localized 
throughout the cytoplasm of uterine epithelial cells, and is not present at the 
lateral plasma membrane (Figure 2a). Prominent localization of Desmoglein-2 
occurs around clusters of mesenchymal stromal cells underlying the uterine 
epithelium, and laterally in glandular epithelial cells, particularly at the apical 
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region of the lateral plasma membrane. Glandular epithelial cells were 
elongated with basal nuclei (Figure 2b). 
By pre-implantation (Stage 2), Desmoglein-2 localizes to the apical 
region of the lateral plasma membrane of uterine epithelial cells (Figure 2c). 
Staining of mesenchymal stromal cells and glandular epithelial cells was 
similar to that of Stage 1.  
During the implantation period (Stage 3), Desmoglein-2 remained 
tightly localized to the apical region of the lateral plasma membrane of uterine 
epithelial cells. Prominent staining of mesenchymal stromal cells also occurs 
 (Figure 2d; representative of two females), whereas its distribution in 
glandular epithelial cells remains the same as in Stage 1.  
 Post-implantation (Stage 4), Desmoglein-2 localization resembled that 
of Stage 1, although staining of mesenchymal stromal cells was less 
prominent and more diffuse (Figure 2e). Glandular epithelial cell staining was 
also similar to Stage 1. Folds of the uterine epithelium closely interdigitated  
with folds of placental membranes. Both lateral and basal localization of 
Desmoglein-2 occurred in trophoblastic cells.  
No Desmoglein-2 localization occurred in negative-control tissue of M. 
eugenii (primary antibody replaced with IgG antibody) (Figure 2f).  
 
2.2 Immunofluorescence of uterine tissue of T. vulpecula 
 
 At Stage 1 of pregnancy, Desmoglein-2 occurs along the lateral plasma 
membrane of uterine epithelial cells (Figure 3a). Faint localization also occurs 
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Figure 2: Immunofluorescence micrographs of Desmoglein-2 localization in 
the uterus of Macropus eugenii  during pregnancy. (a-b) After embryonic 
activation / Stage 1 (n = 4); (c) Pre-implantation / Stage 2 (n = 5); (d) 
Implantation / Stage 3 (n = 2); (e) Post-implantation / Stage 4 (n = 4); (f) 
Negative-control staining of M. eugenii tissue (primary antibody substituted 
with IgG antibody). Scale bars, 20 µm. Desmoglein-2 staining is shown in 
green (arrow); nuclei are in blue. EC, embryonic cells; GEC, glandular 
epithelial cells; GL, glandular lumen; L, uterine lumen; MSC, mesenchymal 
stromal cells; UEC, uterine epithelial cells. 
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along the basal plasma membrane and in the cytoplasm. Similar staining 
occurs for glandular epithelial cells. Diffuse staining occurs in stromal cells.  
At pre-implantation (Stage 2), Desmoglein-2 localization in the uterine 
epithelium is similar to that of Stage 1, with more prominent staining in the 
apical region of the lateral plasma membrane (Figure 3b; representative of 
two females). Punctate localization of desmoglein-2 also occurs along the 
apical plasma membrane. Glandular epithelial cell staining is similar to that of 
uterine epithelial cells.  
 During implantation (Stage 3), Desmoglein-2 is tightly localized to the 
apical region of the lateral plasma membrane of uterine epithelial cells (Figure 
3c). Cytoplasmic staining is reduced, although some punctate staining 
occurred along the apical plasma membrane. Desmoglein-2 is also localized 
to cell nuclei in some regions of the uterine and glandular epithelium (Figure 
3d). 
Post-implantation (Stage 4), Desmoglein-2 localization occurs in the 
apical region of the lateral plasma membrane, as well as along the apical 
plasma membrane (Figure 3e; representative of a single female). As for Stage 
3, nuclear staining also occurs in the uterine and glandular epithelium.  
No Desmoglein-2 staining was observed in the negative control tissue 
of T. vulpecula (primary antibody replaced with IgG antibody) (Figure 3f). 
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2.3 Western blot 
 Desmoglein-2 was detected in whole uterine tissue of M. eugenii 
(Figure 4a) at ~150 kDa, at all stages of pregnancy. A possible cleaved 
fragment was also detected at ~55 kDa. In whole uterine tissue of T. 
vulpecula (Figure 4b), Desmoglein-2 was detected at ~150 kDa at Stage 3 of 
pregnancy, with a cleavage fragment of ~72 kDa at Stages 1-3; no bands 
were detected at Stage 4. Both the uncleaved (150 kDa) and cleavage 
fragment bands (55 kDa) were detected in positive control tissue (rat uterus at 
day 1 of pregnancy; Figure 4c).  
 
3 Discussion 
 
Changes in distribution of Desmoglein-2 occur during pregnancy in 
both M. eugenii and T. vulpecula, demonstrating that lateral alterations of the 
uterine epithelium occur in preparation for non-invasive placentation in 
marsupials. Specifically, in both species, Desmoglein-2 redistributed to the 
apical region of the lateral plasma membrane of uterine epithelial cells before 
implantation. Additional patterns of Desmoglein-2 localization also occur in 
both M. eugenii and T. vulpecula during pregnancy. Desmoglein-2 is localized 
to epithelial cell nuclei during implantation and post-implantation in T. 
vulpecula. In M. eugenii, desmoglein-2 is localized to the mesenchymal 
stromal cells underlying the uterine epithelium throughout pregnancy. 
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Figure 3: Immunofluorescence micrographs of Desmoglein-2 localization in 
uterine epithelial cells of Trichosurus vulpecula during pregnancy. (a) Stage 1 
(n = 6); (b) Pre-implantation / Stage 2 (n = 2); (c-d) Implantation / Stage 3 (n = 
4); (e) Post-implantation / Stage 4 (n = 1); (f) Negative-control staining of T. 
vulpecula tissue (primary antibody substituted with IgG antibody). Scale bars, 
20 µm. Desmoglein-2 staining is shown in green (arrow); nuclei are in blue. 
GEC, glandular epithelial cells; GL, glandular lumen; L, uterine lumen; N, 
nuclei; S, stroma; UEC, uterine epithelial cells. 
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Redistribution of Desmoglein-2 to the apico-lateral region of uterine 
epithelial cells occurs in preparation for invasive implantation in both eutherian 
(Classen-Linke and Denker, 1990; Sarani et al, 1999; Illingworth et al, 2000; 
Murphy, 2000; Preston et al, 2004; 2006) and marsupial mammals (S. 
crassicaudata; Dudley et al, 2015), reducing lateral cell to cell adhesion 
 
 
 
 
 
 
 
 
 
 
Figure 4: Immunoblot of whole uterine tissue lysate, incubated with rabbit anti-
Desmoglein-2 antibody (20 µg of protein per well). Numbers above the lanes 
indicate the respective Stage of (a) Macropus eugenii uteri or (b) Trichosurus 
vulpecula uteri. (c) Positive-control lysate of rat uterine tissue from Day 1 of 
pregnancy. The loading control expressed equal amounts of β-actin at 42 kDa 
(not shown). 
 
in the uterine epithelium. This redistribution pattern in M. eugenii and T. 
vulpecula, which both have non-invasive placentation, is thus unexpected, as 
it suggests that cell to cell adhesion also reduces during pregnancy in these 
species and could compromise the function of the uterine epithelium as a 
barrier to the embryo.  
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Since non-invasive placentation has likely evolved secondarily in 
marsupials as a derived character (Mess and Ferner, 2010), we predicted that 
a different pattern of desmoglein-2 redistribution occurs in M. eugenii and T. 
vulpecula to that of species with invasive placentation to maintain an intact 
uterine epithelium and prevent embryonic invasion. Yet, apical redistribution of 
Desmoglein-2 in both M. eugenii and T. vulpecula suggests that this molecule 
may play an important role in facilitating implantation and placentation, rather 
than restricting invasion. For example, non-invasive placentation in the 
viviparous skinks Pseudemoia entrecasteauxii and P. spenceri involves apical 
redistribution of both Desmoglein-2 and morphological desmosomes (Biazik et 
al, 2010). Since the ancestral placental type for viviparous lizards is non-
invasive, in contrast to mammals, apical redistribution of Desmoglein-2 is 
unlikely to be a mechanism to reduce embryonic invasion. Instead, it may 
facilitate non-invasive placentation and uterine remodeling by creating a more 
plastic uterine epithelium (Biazik et al, 2010). This hypothesis is supported by 
the fact that lateral localization of desmoglein-2 in intestinal epithelia 
maintains intestinal epithelial integrity (Schlegel et al, 2010), and 
desmosomes in gut epithelia remain evenly distributed along the lateral 
plasma membrane, even in response to pathogen invasion (Takeuchi, 1967). 
Indeed, redistribution of Desmoglein-2 in the marsupial S. crassicaudata may 
facilitate apposition of embryonic cells to the uterine epithelium before 
invasion (Dudley et al, 2015; 2017). Redistribution also occurs pre-
implantation (Stage 2) in both M. eugenii and T. vulpecula, and persists 
throughout the implantation period. Hence, this redistribution pattern may be 
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an important mechanism for uterine remodeling and early attachment of the 
embryo to the uterine epithelium in marsupials.  
Maternal-embryonic interactions involve a precise balance of strategies 
that facilitate implantation, with those that mediate conflict to prevent 
uncontrolled embryonic invasion. The marsupial endometrium does not 
undergo decidualization, so the uterine epithelium is critical for maintaining 
this balance in during marsupial pregnancy relative to that of eutherian 
mammals. Given that uterine Desmoglein-2 redistribution is relatively 
conserved across mammalian groups, and occurs irrespective of placental 
type, this specific pattern of localization may be an important uterine strategy 
involved in facilitating placentation, rather than as a response to increase 
maternal control over resource allocation, and may play a role in initial 
embryonic implantation. In marsupials, including M. eugenii and T. vulpecula,  
reduced cell-cell adhesion resulting from Desmoglein-2 redistribution may be 
compensated for by molecular reinforcement of the basal plasma membrane 
of the uterine epithelium prior to implantation (Laird et al, 2017b). Hence, the 
molecular patterns of Desmoglein-2 in the lateral plasma membrane, and talin 
in the basal plasma membrane, may play complementary roles during 
pregnancy in M. eugenii and T. vulpecula that result in facilitation, and 
restriction, of embryonic invasion, respectively, thus enabling successful 
placentation (Poon et al, 2016). 
Compensation for reduced cell-cell contact may involve other lateral 
molecules, including claudins and desmosomal cadherins, many of which are 
able to compensate for the functional loss of other molecules (e.g. 
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Desmoglein-3 in keratinocytes;  [Hartlieb et al, 2014]). Molecular 
compensation may also explain account for the apparent loss of Desmoglein-
2 protein at Stage 4 of pregnancy in T. vulpecula (Hartlieb et al, 2014). In 
addition, other junctional regions of the lateral plasma membrane may also be 
involved in compensation. In rodents, as well as S. crassicaudata, the 
adherens junction becomes displaced by extension of the tight junction down 
the lateral plasma membrane (Murphy, 2000; Laird et al, 2014), which further 
reduces cell to cell adhesion. In addition, Cadherins associated with the 
adherens junction, including E-cadherin, are also down-regulated before 
implantation (Murphy, 2000) in rabbits (Denker, 1994) and, humans (Getsios 
et al, 1998), as well as in the marsupial S. crassicaudata (Dudley et al, 2017). 
In rats, loss of the adherens junction is partially compensated for by 
recruitment of Nectin-3, a molecule associated with the basal plasma 
membrane, to the lateral junctional complex (Poon et al, 2016). Different 
morphological and molecular alterations to the adherens junction, including 
patterns of Nectin-3 localization, to those of species with invasive placentation 
may help to maintain lateral cell adhesion during non-invasive placentation in 
M. eugenii and T. vulpecula.  
The unusual localization patterns of Desmoglein-2, in addition to the 
apical redistribution in the uterine epithelium, suggests that Desmoglein-2 
plays additional cellular roles that are independent of desmosomes during 
pregnancy in M. eugenii and T. vulpecula (Nava et al, 2007; Hartlieb et al, 
2014; Ebert et al, 2016) that differ between marsupial lineages of non-invasive 
placentation (Bininda-Emonds et al, 2007; Mess and Ferner, 2010). Hence, 
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different additional patterns of Desmoglein-2 localization in M. eugenii and T. 
vulpecula, as well as differences in uterine cell morphology following 
remodeling (Laird et al, 2017c), suggest that the evolutionary transition from 
invasive to non-invasive placentation likely involved lineage-specific selective 
pressures (Martin, 2008), resulting in diverse molecular patterns at the 
maternal-embryonic interface.  
These additional localization patterns may also compensate for 
reduced cell to cell adhesion. In T. vulpecula, Desmoglein-2 is localized to 
nuclei of uterine epithelial cells during and after implantation (Stages 3 and 4), 
similar to that of Plakophilin-3, which is also associated with desmosomes 
(Bonné et al, 1999). The additional nuclear and lateral localization suggests a 
dual role for Desmoglein-2 in both cell signaling and cell adhesion during and 
after implantation in T. vulpecula (Bonné et al, 1999; Schlegel et al, 2010). 
This conclusion is supported by localization of desmoglein-2 to the apical 
plasma membrane during pregnancy in T. vulpecula, as apical binding of 
desmogleins can trigger intracellular signaling pathways (Schlegel et al, 2010) 
that may relate to maintenance of epithelial cell polarity (Madawala et al, 
2014). Apical localization of Desmoglein-2 can also stabilize epithelial cells 
against apoptosis (Nava et al, 2007; Singh and Aplin, 2015), as demonstrated  
in intestinal epithelia following inflammation by consequent loss of cell-to-cell 
adhesion (Nava et al, 2007). Since inflammation also occurs during 
mammalian pregnancy (Kin et al, 2014), Desmoglein-2 may be involved in 
prevention of apoptosis and maintenance of the uterine epithelium following 
pregnancy-induced inflammation.  
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 In addition to apical redistribution in M. eugenii, Desmoglein-2 is tightly 
localized to the mesenchymal stromal cell population underlying the uterine 
epithelium throughout pregnancy, suggesting that this population may 
possess a fibroblast-like function. Mesenchymal stromal cells of the marsupial 
Monodelphis domestica express a range of cytoskeletal proteins during 
pregnancy, and are therefore considered homologous to the endometrial 
fibroblasts of eutherian mammals (fibroblast-like; blast-like; Kin et al, 2014; 
Wagner et al, 2014), that are the precursors to eutherian decidual cells. 
Desmoglein-2 indirectly interacts with the cell cytoskeleton (Yashiro et al, 
2006), hence the specific localization of Desmoglein-2 to the mesenchymal 
stromal cells of M. eugenii provides some evidence that these cells are also 
fibroblast-like, although this requires verification using cytoskeletal proteins 
and transcription factors as fibroblast markers (Kin et al, 2014). Fibroblast-like 
cells in the uteri of both M. eugenii and M. domestica, species from two of the 
most phylogenetically divergent living marsupial clades (Freyer et al, 2003; 
Meredith et al, 2009a, b; Kin et al, 2014; Westerman et al, 2016; Hansen et al, 
2016), but not in the uterus of T. vulpecula, would imply that endometrial 
stromal fibroblasts play an important and interesting role during marsupial 
pregnancy, deserving of further investigation.  
 We conclude that apical redistribution of Desmoglein-2 is an important 
and conserved uterine strategy that occurs in both eutherian mammals and 
marsupials, irrespective of placental type. This pattern is likely involved in 
uterine remodeling and placentation, rather than mitigation of intra-uterine 
conflict by restricting embryonic invasion. The species-specific patterns of 
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Desmoglein-2 localization suggest that Desmoglein-2 is also involved in 
important cellular processes during pregnancy, independent of cell adhesion, 
including potentially preventing apoptosis in the uterine epithelium. Thus, non-
invasive placentation in marsupials, and maintenance of the uterine epithelium 
throughout pregnancy, is likely underpinned by diverse and complementary 
molecular mechanisms. 
 
4 Materials and methods 
 
4.1 Tissue collection and reproductive staging 
 Collection of tammar wallaby samples was approved by the University 
of Melbourne Institutional Animal Ethics Committees, and conformed to the 
Australian National Health and Medical Research council (2013) guidelines. 
Collection of possum samples was a secondary use from a cull approved by 
the animal ethics committees of Landcare Research, New Zealand.  
Uterine tissues were collected from both M. eugenii and T. vulpecula, 
as described by Laird et al. (2017b, c). Uterine tissue of M. eugenii was 
collected from animals with new pouch young from wild colonies on Kangaroo 
Island, South Australia. Development staging was based on the age of pouch 
young using published growth curves (Poole et al, 1991) or from a known time 
after a detected birth or mating. The day of birth was designated as Day 0 
post-partum. Tissue was collected throughout pregnancy following 
reactivation of the embryo on Day 8 post-partum. Uterine tissue prior to 
reactivation was not included in this study since uterine changes are 
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associated with initiation of diapause, not embryonic attachment (Laird et al, 
2016). Reproductive stages were determined following Laird et al (2017b): 
Stage 1 (after embryonic reactivation; Days 9-12 of gestation; n = 4); Stage 2 
(pre-implantation; Days 13-16; n = 5); Stage 3 (implantation, post-rupture of 
shell coat; Days 17-18; n = 2); and Stage 4 (post-implantation; Days 19-26; n 
= 4). 
 Uterine tissue of Trichosurus vulpecula was collected from wild females 
in the Orongorongo Valley near Wellington, New Zealand, over two breeding 
seasons (April 2014 and May 2015) (Laird et al, 2017b, c), and females were 
allocated to a reproductive stage using ovarian and uterine morphology (Laird 
et al. 2017c): Stage 1 (0-6 days post-oestrus; n = 6), Stage 2 (pre-
implantation; 7-11 days post-oestrus; n = 2), Stage 3 (implantation; 11-14 
days post-oestrus; n = 4), and Stage 4 (post-implantation; 15-17.5 days post-
oestrus; n = 1).  
 
4.2 Immunofluorescence microscopy 
 Excised uterine tissue was coated with Tissue-Tek OCT cryoprotectant 
(Sakura, Tokyo, Japan) and briefly immersed in super-cooled isopentane, 
before storing in liquid N2. Samples were cut using a Leica CM3050 S cryostat 
(Leica, Heerbrugg, Switzerland) at -25˚C to produce 8 μm sections, which 
were mounted on gelatin-coated slides. Sections on slides were fixed for 30 
min at room temperature in acetone, and then blocked for 30 min with 1% 
bovine serum albumin (BSA) (0.1 g BSA/10 ml phosphate buffered saline 
[PBS]). Sections were then incubated for 1.5 h with rabbit anti-Desmoglein-2 
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antibody (1:250 dilution of ab150372 in 1% BSA) (Abcam, Melbourne, VIC, 
Australia), followed by rinsing in PBS and incubation for 45 min with goat anti-
rabbit fluorescein isothiocyanate-conjugated IgG antibody (1:500 dilution of 
111-095-144 in 1% BSA) (Jackson Immunoresearch Laboratories, West 
Grove, PA). Slides were rinsed again in PBS, and then mounted with 
Vectashield mounting medium containing 4',6-diamidino-2-phenylindole 
 (DAPI) (Vector Laboratories, Burlingame, CA). Images were captured using a 
Zeiss Deconvolution microscope (Carl Zeiss Pty. Australasia) fitted with a 
Zeiss AxioCam HR monochrome CCD camera, and using Zen imaging 
software, version 7.1.  
Non-immune controls were prepared as above by substituting the 
primary antibody with 1 mg/mL rabbit IgG purified immunoglobulin (catalog 
number I5006) (Sigma-Aldrich, Castle Hill). Positive control slides of rat 
uterine tissue at Day 1 of pregnancy, in which Desmoglein-2 fluorescence has 
been confirmed (Preston et al, 2004), were also prepared as outlined above.  
 
4.3 Western blot 
 Western blotting was conducted to confirm specificity of the antibodies 
used. Whole uterine tissue was extracted by vigorous shaking in short bursts 
in a solution containing homogenizing beads, lysis buffer, and protease 
inhibitor cocktail (1:100 dilution) (Sigma-Aldrich). Protein content of samples 
was estimated by first diluting extracted protein samples 1:100, 1:200, or 
1:400 with distilled water, and then measuring concentration against BSA 
standards in a 96-well plate (Thermo Scientific, USA), with 100 µl of reagent 
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from the Micro BCATM Protein Assay Kit (Thermo Scientific, Rockford, IL). 
Protein content was estimated with a CLARIOstar Microplate reader (BMG 
LabTech, Durham, NC).  
Samples (20 µg) were denatured at 90˚C for 5 min in Laemmli sample 
buffer (Dudley et al. 2015). Proteins were separated for 1.5 h at 100 V on a 
10% denaturing polyacrylamide gradient gel, and then transferred to 
polyvinylidene fluoride membranes (Millipore Corporation, Bedford, MA). 
These membranes were blocked for 1 h in 5% skim milk in Tris-buffered 
saline with 0.05% Tween20 (TBS-t) (Sigma), and then probed overnight at 
4˚C with rabbit anti-Desmoglein-2 antibody in TBS-t containing 1% skim milk 
(1:10,000 dilution for M. eugenii samples; 1:5,000 dilution for T. vulpecula 
samples) (ab150372) (Abcam, Melbourne, VIC, Australia). Membranes were 
rinsed in TBS-t, and then incubated for 1.5 h with horseradish peroxidase-
conjugated sheep anti-rabbit IgG in TBS-t containing 1% skim milk (1:2000 
dilution GEHENA931) (GE Healthcare, Buckinghamshire, UK). Proteins on the 
rinsed membrane were visualized using a Chemidoc MP Imaging System 
(Biorad), with the ECL Plus Western Blotting Detection System (Amersham, 
GE Healthcare, Buckingham-shire, UK). The membranes were then incubated 
for 45 min at 60°C in stripping buffer containing β-mercaptoethanol and 
reprobed for actin as above, substituting the primary antibody with monoclonal 
anti-β-actin antibody (1:2000 dilution of A1978 in 1% skim milk in TBS-t) 
(Sigma-Aldrich, Castle Hill, Sydney). 
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Abstract 
 
 
 
Mammalian pregnancy involves remodelling of the uterine epithelium to 
enable placentation. In marsupials, such remodelling has likely played a key 
role in the transition from ancestral therian invasive placentation to non-
invasive placentation. Thus identification of morphological changes to the 
uterus that are unique to marsupials with non-invasive placentation can 
elucidate the mechanisms of marsupial placental evolution. We identified 
apical alterations to uterine epithelial cells prior to implantation in Monodelphis 
domestica, a member of the least derived living marsupial clade 
(Didelphidae), with invasive placentation. We then compared these findings 
with those of Macropus eugenii (Macropodidae) and Trichosurus vulpecula 
(Phalangeridae), both with non-invasive placentation, to identify which 
alterations to the uterine epithelium are ancestral and which are required for 
secondarily evolved non-invasive placentation. Apical alterations of M. 
domestica include the reduction of ciliated cells, decreased cellular 
heterogeneity of the uterine epithelium, and development of uterodome-like 
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cells, suggesting that these alterations may also have occurred in the 
marsupial common ancestor. Both T. vulpecula and M. eugenii undergo apical 
alterations that differ from those of M. domestica, suggesting that non-
invasive embryonic attachment involves lineage-specific uterine alterations. 
Nevertheless, apical alterations to uterine epithelial cells during pregnancy in 
both M. eugenii and T. vulpecula overlap with those of M. domestica. This 
finding suggests that while the transition from invasive to non-invasive 
placentation in marsupials requires unique uterine modifications, yet 
alterations to the uterine surface may be essential for placentation in 
mammals, irrespective of placentation mode. 
 
Keywords: morphology, viviparity, marsupial, scanning electron microscopy, plasma 
membrane transformation 
 
Introduction 
 
Vertebrate viviparity involves formation of a placenta during pregnancy 
to meet the physiological needs of a developing embryo in utero (Murphy et 
al. 2000; Thompson et al. 2002; Ramirez-Pinilla et al. 2012). In mammals, 
viviparity has evolved once in the common ancestor of eutherian mammals 
and marsupials (Lillegraven, 1975; Zeller and Freyer, 2001). Placental 
morphology in mammals is highly diverse (Mossman, 1987; Murphy, 1998) 
and invasion of the uterus by the embryo at implantation occurs along a 
penetrative spectrum (Wildman, 2016) from non-invasive (epitheliochorial) 
placentation (Ferner and Mess, 2011), involving relatively superficial 
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maternal-embryonic contact, through to highly invasive (haemochorial) 
placentation with direct transfer between maternal and embryonic blood 
streams (Mess, 2014). Remodelling of the uterus, termed the plasma 
membrane transformation, is required for uterine receptivity to the embryo 
irrespective of placental mode (Murphy, 2004; Zhang et al. 2013). In eutherian 
mammals, many aspects of remodelling facilitate embryonic invasion at 
implantation, yet remodelling in marsupial pregnancy involves maternal 
defences against the implanting embryo that potentially reduce or prevent 
invasion (Laird et al. 2015; 2017a-c). Phylogenetic distribution of placentation 
modes in mammals suggests that the eutherian common ancestor had 
invasive placentation that was either haemochorial or endotheliochorial 
(Carter and Mess, 2007; Elliot and Crespi, 2009). Recent molecular evidence 
suggests that invasive placentation is also ancestral for marsupials (Bininda-
Emonds et al. 2007). Therefore, non-invasive placentation in both eutherian 
mammals (Elliot and Crespi, 2009; Carter and Enders, 2013), and marsupials 
(Bininda-Emonds et al. 2007; Mess and Ferner, 2010; Ferner and Mess, 
2011), is likely secondarily derived (Carter and Mess, 2007). Accumulation of 
maternal defences to the embryo may thus be a mechanism by which non-
invasive placentation has evolved in mammals (Crespi and Semeniuk, 2004; 
Vogel, 2005; Carter and Mess, 2007; Laird et al. 2015; 2017a). 
Aspects of the plasma membrane transformation that are unique to 
marsupials with non-invasive placentation can be used to identify the extent to 
which the uterus has been modified to support secondarily evolved non-
invasive placentation, and to understand the mechanisms underlying this 
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placental shift. Non-invasive placentation occurs in two marsupial groups, 
Phalangeridae (Pilton and Sharman, 1962; Tyndale-Biscoe and Renfree, 
1987) and Macropodidae (Tyndale-Biscoe and Renfree, 1987; Freyer et al. 
2003), and has most likely evolved independently in these two families from a 
recent marsupial ancestor with invasive implantation (Bininda-Emonds et al. 
2007). The uterine epithelium of both Macropus eugenii (Macropodidae) and 
Trichosurus vulpecula (Phalangeridae) undergoes substantial morphological 
and molecular modification during pregnancy (Freyer et al. 2002; Laird et al. 
2017a-c), but the ancestral states for many alterations associated with a 
plasma membrane transformation are unknown and patterns of remodelling 
differ between M. eugenii and T. vulpecula. For example, remodelling of the 
apical plasma membranes of uterine epithelial cells, essential for embryonic 
attachment (Murphy, 2004), involves an increase in cell diversity prior to 
embryonic attachment in T. vulpecula (Laird et al. 2017a), yet diversity 
decreases in M. eugenii as the uterine epithelium becomes more uniform 
(Freyer et al. 2002). In addition, cells with extremely domed and elongated 
apices develop in T. vulpecula during the implantation period (Laird et al. 
2017a), but are absent from the uterus of M. eugenii (Freyer et al. 2002). 
Members of Didelphidae, the least derived clade of living marsupials, 
represent ancestral marsupial reproductive traits (Harder et al. 1993; Freyer 
and Renfree, 2009; Freyer et al. 2003; Nilsson et al. 2010; Kin et al. 2014; 
Hansen et al. 2016) and are therefore ideal for testing evolutionary theories of 
how and when marsupial placental modes arose (Freyer et al. 2002; Hansen 
et al. 2016). Comparison with Monodelphis domestica, in which embryonic 
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implantation is invasive (Harder et al. 1993; Kin et al. 2014), can thus identify 
modifications to the uterine epithelium involved in the evolutionary transition 
from ancestrally invasive to non-invasive embryonic attachment (Bininda-
Emonds et al. 2007).  
Here we present the first detailed investigation of the alterations to the 
uterine surface required for uterine receptivity to the embryo in M. domestica 
using scanning electron microscopy. We then compare these alterations with 
those of T. vulpecula and M. eugenii to infer which apical alterations are 
ancestral and which are required for secondarily non-invasive embryonic 
attachment in marsupials. 
 
Methods 
 
Study species 
Monodelphis domestica has a gestation period of 13-13.5 days (Mate 
et al. 1994; Zeller and Freyer, 2001). Unlike other marsupial species, females 
of M. domestica do not undergo a true (spontaneous) oestrous cycle (Fadem, 
1985; Harder et al. 1993) and oestrus is induced by male pheromones 
(Fadem, 1985; Hinds et al. 1992; Harder et al. 1993). Ovulation occurs 
approximately 20-24 h post-copulation (Baggott and Moore, 1990; Mate et al. 
1994; Zeller and Freyer, 2001). Rupture of the shell coat occurs 12 days post-
copulation (dpc) (Zeller and Freyer, 2001), followed by invasive 
(endotheliochorial) implantation of the trophoblastic syncytium of the trilaminar 
yolk sac (Zeller and Freyer, 2001). Birth occurs approximately 14-15 dpc 
(Harder et al. 1993; Zeller and Freyer, 2001). 
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Animal husbandry and tissue collection 
This study was approved under protocol numbers 13-100920-MCC and 
15-200334-B-MC from the University of New Mexico Institutional Animal Care 
and Use Committee. Animals used in this study were from a captive-bred 
research colony housed at the Department of Biology Animal Research 
Facility at the University of New Mexico (Hansen et al. 2016). Adult males and 
females were housed separately when not breeding. Oestrus was induced by 
introducing the female into a cage with a male. After 72 hours the male and 
female were separated in the cage by a bisecting clear plexiglass divider with 
interspersed 1 cm diameter holes at 3 cm from the bottom of the cage. For the 
next consecutive five days, the divider was removed 2-3 hours into the 
animals’ dark cycle. The male and female were allowed to directly interact for 
up to 1 hour with an investigator present to record interactions. After 
copulation the pair were separated into individual cages and did not interact 
further. If there was no successful copulation the opossums were divided in 
the cage and allowed to directly interact again 24 hours later. Pregnant 
animals were euthanized by inhaled isofluorane overdose (> 5%) until 
breathing had ceased for over one minute, and the absence of eye and foot 
reflexes was confirmed. Uterine tissues were collected from 15 pregnant 
females between 7d 0h and 14d 0h post-conception. Females were grouped 
into three reproductive stages over the period of implantation (Mate et al. 
1994): Stage 1 (pre-implantation; between 7 days 0 hours and 10 days 12 
hours post-copulation; n = 6), Stage 2 (implantation; between 11 days 1 hour 
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to 12 days 2 hours post-copulation; n = 5), Stage 3 (post-implantation; 
between 13 days 0 hours to 14 days 0 hours post-copulation; n = 4). 
 
Tissue processing for scanning electron microscopy (SEM) 
 Uterine horns were excised, opened to expose the internal surface, 
and embryos and amnions were removed. Tissue samples were fixed in 2.5% 
glutaraldehyde in 0.1 M phosphate buffer (PB) for 1 h, followed by rinsing in 
0.1 M PB. Samples were then post-fixed in 4% osmium tetroxide for 1 h, 
followed by further rinsing in 0.1 M PB and gradual dehydration to 100% 
ethanol. Samples were dried using a Leica EM CPD300 Critical Point Dryer 
(Leica, Wetzlar, Germany) using carbon dioxide as the drying agent. Dried 
tissue was mounted onto aluminium stubs with a layer of carbon tape and 
coated with a 15 nm layer of gold. Images were captured on a JEOL 
NeoScope JCM-600 Tabletop SEM (Tokyo, Japan) and a Zeiss Sigma HD VP 
STEM (Zeiss, Oberkochen, Germany). 
  
Morphometrics 
Cellular heterogeneity of the uterine epithelium of M. domestica was 
determined by comparing the relative abundance of distinct cell types over the 
three pregnancy stages (Laird et al. 2017a). Scanning electron micrographs 
were taken of at least three uterine regions per animal to account for variation 
in cell morphology across the uterine epithelium. More areas and images were 
counted when the surface was more varied. Images selected were 
representative of the uterine epithelium of each female and taken between 
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500x and 3000x (approximately 100 to 400 cells per image). Cells were 
counted systematically using an overlaid grid and each cell in an image was 
allocated to one of five cell types: bare surface, sparse microvilli, dense 
microvilli, budding cells and ciliated cells (as per Laird et al. 2017a; see 
results images for examples of cell types). Damaged cells, or cells that could 
not be clearly identified, were not counted. Proportions were obtained by 
dividing the total number of each cell type by the total number of cells in the 
image. Proportions for each animal were arcsine-transformed (Dytham, 2011). 
Cells were counted and the analysis was applied until SEM < 0.05 for each 
cell type for each animal (Aherne and Dunhill, 1982). Arcsine transformed 
proportions were log-transformed to satisfy assumptions of normality. These 
values were analysed using a generalized linear model with respect to cell 
type by analysis of variance in Statistica v9.0 (Statsoft, Tulsa), with pregnancy 
stage as a covariate.  
 
 
Results 
Scanning electron microscopy 
Stage 1: Pre-implantation (7d 0h to 10d 12h post-copulation) 
 
The uterine surface is folded at approximately 7 days post-conception 
(Figure 1A). Cell apices are slightly domed and are densely covered by short 
blunt microvilli, and ciliated cells are interspersed with microvillous cells 
(Figure 1A-B). Small secretory droplets occur in the uterine lumen. By 
approximately 10 days post-conception, microvilli are spiky, rather than blunt, 
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and plaques of glycocalyx occur on the uterine surface (Figure 1C). 
Additionally, throughout Stage 1, cells in some uterine regions are flattened 
with raised borders and are uniformly arranged in a ‘honeycomb’ pattern 
(Figure 1D). Ciliated cells are evenly distributed in these regions (Figure 1D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Scanning electron micrographs of the uterine surface of 
Monodelphis domestica at Stage 1 of pregnancy (7d 0h to 10d 12h post-
copulation). A) The uterine epithelium is folded at Stage 1 and ciliated cells 
(arrowheads) are interspersed with densely microvillous cells (arrows). Scale 
bar = 10 µm. B) Microvillous uterine epithelial cells are densely covered in 
short blunt microvilli (arrowheads). Small secretory droplets (SD) occur in the 
uterus. Scale bar = 4 µm. C) After 10d post-conception, blunt microvilli are 
replaced by short spiky apical projections and uterine epithelial cells develop 
slightly rounded apices. Plaques of glycocalyx (arrowheads) occur on the 
uterine surface. Scale bar = 15 µm. D) In some uterine regions, uterine 
epithelial cells are flattened with raised borders and arranged in a 
‘honeycomb’ pattern (arrows). Ciliated cells also occur in these regions. Scale 
bar = 20 µm. 
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Stage 2: Implantation (11d 1h to 12d 2h post-copulation)  
 
Uterine epithelial cells at Stage 2 possess spiky microvilli and cell 
apices are more domed than for Stage 1 (Figure 2A). Many microvillous cells 
have a ‘dimple’ on the apical surface (Figure 2B), as well as clumps of 
glycocalyx. Cells with longer microvilli occur at this stage (Figure 2C), 
alongside the ciliated cells, which have become fewer by approximately 12d 
2h post-conception. Similar to Stage 1, regions of the uterus retain a uniform 
‘honeycomb’ appearance that is morphologically distinct throughout Stage 2 
(Figure 2D). These ‘honeycomb’ regions are restricted to the crests of uterine 
folds (Figure 2E), whereas regions of uterine epithelium with domed cells are 
restricted to the base of these folds (Figure 2E).  
 
Stage 3: Post-implantation (13d 0h to 14d 0h post-copulation) 
 
Uterine epithelial cells are domed and irregular by this stage, with 
sparse spiky apical microvilli (Figure 3A). In some regions, cells are extremely 
domed (budding cells; Figure 3B) and lack apical projections. Glycocalyx 
plaques cover large regions of uterine epithelium (Figure 3B). Ciliated cells 
are few, except in regions of regularly arranged ‘honeycomb’ cells, which still 
occur at the crests of uterine folds (Figure 3C).  
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Figure 2: Scanning electron micrographs of the uterine surface of 
Monodelphis domestica at Stage 2 of pregnancy (11d 1h to 12d 2h post-
copulation). A) Uterine epithelial cell apices are more domed than for Stage 1, 
and ciliated cells are fewer. Scale bar = 25 µm. B) Many uterine epithelial 
cells have a ‘dimple’ (arrowheads) on the apical surface, as well as clumps of 
glycocalyx (arrows). Scale bar = 20 µm. C) Uterine epithelial cells are densely 
covered in short spiky microvilli. Cells with elongated microvilli (arrowhead) 
appear in the uterus by this stage. Scale bar = 5 µm. D) As for Stage 1, 
regions of uniform ‘honeycomb’ cells also occur in the uterus at this Stage. 
Scale bar = 10 µm. E) Regions of domed uterine epithelial cells (D, arrows) 
are restricted to the bases of uterine folds. These regions abut flattened 
uterine regions of ‘honeycomb’ cells (H, arrows), interspersed with ciliated 
cells, which are restricted to the crests of uterine folds. Scale bar = 100 µm. 
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Figure 3: Scanning electron micrographs of the uterine surface of 
Monodelphis domestica at Stage 3 of pregnancy (13d 0h to 14d 0h post-
copulation). A) Uterine epithelial cells at this stage are domed and irregular 
with sparse spiky microvilli. Scale bar = 20 µm. B) Budding cells (arrowheads) 
are abundant in the uterus. Glycocalyx plaques (arrows) cover large regions 
of uterine epithelium. Scale bar = 20 µm. C) Regions of ‘honeycomb’ cells still 
occur at this stage. Scale bar = 100 µm. 
 
Morphometrics  
 
Densely microvillous cells dominate the uterine surface across all three 
stages (Figure 4). Budding cells are significantly more abundant at Stage 3  
(F= 11.6649, df= 2, p< 0.001) than at other stages; while bare surface cells 
appear to be more abundant at Stage 1. Ciliated cells appear to decrease 
over the stages. Overall cellular diversity reduces after Stage 1 and the 
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uterine epithelium is least diverse at Stage 2, after which diversity increases 
(Figure 4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Cellular composition of the uterine epithelium of Monodelphis 
domestica. Graph depicts relative proportions of each of five cell types on the 
uterine surface over the three pregnancy stages. Data are presented as 
means of arcsine-transformed proportions for each stage of pregnancy (SEM 
< 0.05). 
 
Discussion 
 
The uterine epithelium of M. domestica undergoes substantial apical 
remodelling during the implantation period that is consistent with a plasma 
membrane transformation (Murphy et al. 2000; Murphy, 2004). Short, blunt 
microvilli are replaced by spiky microvilli prior to implantation in M. domestica, 
corresponding to a peak in plasma progesterone approximately 9-10 dpc 
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(Fadem and Rayve, 1985; Hinds et al. 1992; Bradshaw and Bradshaw, 2011), 
as also occurs in rats and mice (Ljungkvist, 1972; Murphy, 2000). Ciliated 
cells are reduced in the uterine epithelium by Stage 3 in M. domestica, which 
is typical of remodelling in a range of eutherian mammals (Barberini et al. 
1978; Stroband et al. 1986; Murphy, 2004) and marsupials (Enders and 
Enders 1969; Ward and Renfree, 1988; Rose et al. 1999; Laird et al. 2014), 
and facilitates close apposition between maternal and embryonic cells 
(Murphy et al. 2000; Murphy, 2004). Since M. domestica likely most closely 
resembles the reproductive traits of the most recent marsupial common 
ancestor (Harder et al. 1993; Freyer et al. 2002; Kin et al. 2014; Hansen et al. 
2016), similar apical alterations during pregnancy in M. domestica and 
eutherian mammals suggests that these alterations are ubiquitous in 
mammalian pregnancy and that a plasma membrane transformation may also 
have occurred in the therian common ancestor. 
Interestingly, the uterine epithelium of M. domestica is not uniformly 
remodelled. Regions of flattened ‘honeycomb’ cells with raised borders, 
interspersed with ciliated cells, are retained throughout pregnancy and occur 
at the crests of uterine folds. In contrast, remodelled cells occur only at the 
bases of these folds. This morphological difference between remodelled and 
non-remodelled regions could relate to the high functional differentiation of 
embryos of M. domestica, which have an invasive trilaminar yolk sac and a 
non-invasive bilaminar yolk sac (Freyer et al. 2002), resulting in a mixed 
epitheliochorial-endotheliochorial placenta (Zeller and Freyer, 2001). 
Implantation of the trilaminar yolk sac side forms a trophectodermic syncytium 
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(Freyer et al. 2002) and placental cells closely interdigitate with those of the 
uterine epithelium, enabling the syncytium to erode the uterine epithelium at 
regular intervals (Zeller and Freyer, 2001).  In contrast, microvillous cells of 
the bilaminar side interact non-invasively with microvilli of uterine epithelial 
cells at implantation (Zeller and Freyer, 2001). Hence, remodelled regions in 
the bases of uterine folds may be suitable for invasive embryonic interactions 
(Enders and Schlafke, 1967) with the trilaminar side in M. domestica, while 
the flattened microvillous cells of non-remodelled regions at the crests of 
uterine folds may facilitate non-invasive contact with the bilaminar yolk sac. 
Interestingly, the receptive uterus of Sminthopsis crassicaudata also has 
remodelled and non-remodelled sites (Laird et al. 2014), and embryos of this 
species show similar functional differentiation to those of M. domestica 
(Roberts and Breed 1994). In contrast, the uterus is uniformly remodelled in 
both T. vulpecula (Laird et al. 2017a) and M. eugenii (Freyer et al. 2002), two 
species for which embryos are non-invasive. Hence, uniform remodelling of 
the entire uterine surface may be a modification to facilitate non-invasive 
embryonic attachment in marsupials.  
Cellular diversity of the receptive uterine epithelium decreases prior to 
implantation in M. domestica. A similar decrease occurs in a range of 
eutherian mammal species (Potts and Racey, 1971; Winterhager and Denker, 
1990; Murphy et al. 2000), as well as in S. crassicaudata (Laird et al. 2014) 
and potentially M. eugenii (Freyer et al. 2002). In these species, a uniform 
uterine epithelium is thought to facilitate physical maternal-embryonic contact 
(Schlafke and Enders, 1975; Scholtz et al. 2008), as well as transfer of 
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essential substances and signaling molecules between uterine and 
trophoblastic cells. In contrast, cell heterogeneity peaks at implantation for T. 
vulpecula, suggesting that a diverse uterine epithelium may be required for 
non-invasive embryonic attachment in T. vulpecula (Laird et al. 2017a), but 
not M. eugenii. Decreased cell diversity at implantation may thus be a shared 
ancestral trait of both eutherian and marsupial mammals that has been 
modified in phalangerid marsupials. 
Elongated budding cells appear in the uterine epithelium of M. 
domestica approximately 12 days post-conception and are abundant 
throughout Stage 3. These cells are morphologically similar to pinopods in 
rats and mice (Nilsson, 1958; Warren and Enders, 1964; Murphy, 2000) and 
uterodomes in other mammals (Murphy, 2000; Murphy et al. 2000; Stavreus-
Evers, 2005; Nikzad et al. 2010) and viviparous lizards (Hosie et al. 2003; 
Adams et al. 2005). These elongated budding cells form in preparation for 
embryonic attachment and are indicative of a uterus which is becoming 
receptive (Murphy, 2000; Stavreus-Evers, 2005). Similar cells develop prior to 
implantation in T. vulpecula (Laird et al. 2017a) and are thought to facilitate 
secretion of haemotrophes from the maternal blood circulation across the 
uterine epithelium for uptake by the embryo (Laird et al. 2017a). A similar role 
is likely for M. domestica as embryos of this species also do not directly 
contact maternal blood (Zeller and Freyer, 2001). In contrast, uterodome-like 
cells do not develop during pregnancy in either S. crassicaudata (Laird et al. 
2014) or M. eugenii (Freyer et al. 2002), suggesting that these cells are not 
related to a particular placental form. Marsupial embryonic development 
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before implantation is typically supported by histotrophy, which ceases as the 
embryo implants and is replaced by haemotrophic nutrient transfer (Zeller and 
Freyer, 2001). In contrast, both histotrophy and haemotrophy support 
embryonic development post-implantation in M. eugenii (Freyer et al. 2002; 
Freyer et al. 2003). Nutrient transfer via both mechanisms in M. eugenii may 
result in fewer or different uterine mechanisms to facilitate haemotrophic 
nutrient transfer, which do not include development of uterodome-like cells. 
These uterodome-like cells may thus have developed during pregnancy in the 
therian common ancestor, and have been subsequently lost in Dasyuridae 
and Macropodidae. 
Since the reproductive features of M. domestica likely most closely 
represent those of the stem marsupial species (Harder et al. 1993; Freyer et 
al. 2002; Freyer and Renfree, 2009; Freyer et al. 2003; Nilsson et al. 2010; 
Kin et al. 2014; Hansen et al. 2016), uterine alterations in M. domestica prior 
to implantation, including decreased cellular heterogeneity, reduction of 
ciliated cells and development of spiky microvilli and uterodome-like cells, are 
likely to most closely represent those of the most recent marsupial common 
ancestor. Retention of some uterine features in more derived marsupial 
clades may thus be essential for marsupial pregnancy. In contrast, both M. 
eugenii and T. vulpecula undergo patterns of apical remodelling that differ 
from those of each other and of M. domestica, including absence of 
uterodome-like cells in M. eugenii and increased cell diversity at implantation 
in T. vulpecula. Molecular differences in the uterus also occur, including 
different localization patterns of the lateral plasma membrane protein, 
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desmoglein-2, in M. eugenii and T. vulpecula, suggesting that desmoglein-2 
plays different roles in these species (Laird et al. 2017c) to eutherian 
mammals (Preston et al. 2004) and S. crassicaudata (Dudley et al. 2015). 
Hence, successful non-invasive embryonic attachment in marsupials requires 
lineage-specific alterations to the uterine epithelium, which supports the 
theory that non-invasive placentation has evolved independently in 
Macropodidae and Phalangeridae (Freyer et al. 2003; Laird et al. 2017a). 
Nevertheless, aspects of apical remodelling of both M. eugenii and T. 
vulpecula that overlap with those of M. domestica suggest that the transition 
from ancestral invasive to non-invasive placentation in marsupials does not 
require complete modification of the uterine surface. Hence, secondary non-
invasive placentation in marsupials requires diverse lineage-specific 
modifications to the uterine epithelium, while many aspects of the plasma 
membrane transformation may be essential for placentation in mammals.  
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Amniote viviparity requires remodelling of the uterus to enable 
successful formation of a placenta (Murphy, 2000; Murphy et al. 2000; 
Thompson et al. 2002; Murphy, 2004; Biazik et al. 2007). In eutherian 
mammals and viviparous squamate reptiles, such remodelling involves a 
shared suite of morphological alterations (the plasma membrane 
transformation; Murphy et al. 2000; Thompson et al. 2002; Laird et al. 2014) 
underpinned by flexible molecular patterns, suggesting that viviparity has 
evolved via similar molecular pathways, but may be shaped by different 
selective pressures in different groups (Paria et al. 2002; Biazik et al. 2008; 
Biazik et al. 2010; Brandley et al. 2012). Investigating patterns of uterine 
remodelling associated with a plasma membrane transformation across 
viviparous amniote groups is thus critical to identifying the mechanisms and 
selective agents in the evolution of vertebrate reproductive modes. 
In this thesis, I have characterized both morphological and molecular 
alterations to the uterus that occur during marsupial pregnancy by combining 
electron microscopy with molecular techniques. Marsupials provide an ideal 
model system to test the generality and importance of the plasma membrane 
transformation as marsupials display remarkable unique reproductive traits 
(Tyndale-Biscoe and Renfree, 1987; Shaw and Renfree, 2006; Renfree, 
2010), as well as wide variation in reproductive patterns (Freyer et al. 2002; 
Freyer et al. 2003; Freyer and Renfree, 2009; Renfree, 2010). Here I have, for 
the first time, identified and compared modifications to the uterine epithelium 
during pregnancy both between marsupial species with diverse placental 
types, and with other viviparous amniotes. I have identified that key molecules 
of eutherian pregnancy, including talin, paxillin and desmoglein-2, are also 
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involved in marsupial pregnancy and may thus underpin shared mammalian 
morphological changes (Laird et al. 2017a, Chapter 2; Laird et al. 2017c, 
Chapter 4; Laird et al. 2017d, Chapter 5), but that these molecules are co-
opted to perform diverse roles in marsupial pregnancy. I have also identified 
that, unlike for eutherian mammals, uterine alterations in marsupial pregnancy 
more closely reflect phylogenetic relationships rather than placental type 
(Laird et al. 2017b, Chapter 3). Importantly, I have also discovered that 
marsupials employ uterine defences during pregnancy to reinforce the uterine 
epithelium and potentially regulate embryonic invasion (Laird et al. 2017a, 
Chapter 2), irrespective of placental type (Laird et al. 2017c, Chapter 4). 
Lastly, my research supports the theory that non-invasive placentation is 
secondarily derived in marsupials as I have identified that  species with this 
placental type have modified the maternal side of the maternal-embryonic 
interface (Laird et al. 2017c, Chapter 4; Laird et al. 2017d, Chapter 5) relative 
to didelphids, the least derived clade of living marsupials (Laird et al. 2017e, 
in prep, Chapter 6).  
Hence, I have made a major advance in our understanding of the role 
of the plasma membrane transformation in marsupial pregnancy, and how 
uterine remodelling shapes mammalian placental evolution.  
 
1. Uterine molecular patterns in marsupial pregnancy 
 
 I have identified that remodelling of the uterine epithelium occurs 
during pregnancy in a range of diverse marsupial species with different 
placental types (Laird et al. 2017a-e, Chapters 2-6), supporting the theory that 
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a plasma membrane transformation is a conserved feature of mammalian 
pregnancy and amniote viviparity (Murphy, 2000; Murphy et al. 2000; 
Thompson et al. 2002; Murphy, 2004; Biazik et al. 2007; Laird et al. 2014). 
Patterns of remodelling of the uterine epithelium in marsupial pregnancy also 
support the theory that shared molecules underpin amniote viviparity (Song et 
al. 2010; Brandley et al. 2012). Focal adhesion remodelling in S. 
crassicaudata involves talin and paxillin (Laird et al. 2017a, Chapter 2), as 
does highly invasive placentation in the rat (Shion and Murphy, 1995; Kaneko 
et al. 2008, 2009, 2011). Talin also underpins focal adhesion alterations in 
marsupial species with non-invasive placentation (Laird et al. 2017c, Chapter 
4). The desmosomal molecule desmoglein-2 redistributes apically in T. 
vulpecula and M. eugenii (Laird et al. 2017d, Chapter 5), as well as in S. 
crassicaudata (Dudley et al. 2015), and in a range of eutherian mammals and 
viviparous skinks (Murphy, 2004; Preston et al. 2006; Biazik et al. 2010; 
Brandley et al. 2012). Shared molecular changes in eutherian mammals, 
marsupials and viviparous skinks are likely to be essential for successful 
amniote pregnancy (Murphy et al. 2000), and the availability of these 
molecules may constrain the evolution of amniote viviparity (Brandley et al. 
2012). However, molecular localization patterns differ between eutherian 
mammals and marsupials, indicating that shared molecules play different 
roles in marsupial pregnancy (Laird et al. 2017a, Chapter 2). For example, 
talin and paxillin do not co-localize during pregnancy in S. crassicaudata 
(Laird et al. 2017a, Chapter 2), as they do in rats (Kaneko et al. 2008; 2009). 
In contrast to rats, these molecules are recruited to, rather than lost from, the 
base of the uterine epithelium before implantation both in marsupial species 
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with invasive (Laird et al. 2017a, Chapter 2) and non-invasive placentation 
(Laird et al. 2017c, Chapter 4). Desmoglein-2 undergoes additional patterns of 
localization in M. eugenii and T. vulpecula, indicating that desmoglein-2 plays 
unique roles outside of cell adhesion (Nava et al. 2007; Hartlieb et al. 2014; 
Ebert et al. 2016) in these species (Laird et al. 2017d, Chapter 5). Hence key 
molecules that underpin pregnancy in amniotes have been co-opted to 
perform diverse, flexible roles in marsupial pregnancy.  
 
2. Marsupial-specific uterine alterations 
 
Different molecular patterns during pregnancy suggest that the 
marsupial uterus responds differently to the implanting embryo to that of 
eutherian mammals. Molecular reinforcement of the base of the uterine 
epithelium in S. crassicaudata, M. eugenii and T. vulpecula suggests that the 
basal connections between the uterine epithelium and the underlying stromal 
cells are strengthened just before embryonic attachment in these species, 
which may reduce or regulate embryonic invasion (Laird et al. 2015; Laird et 
al. 2017a, Chapter 2; Laird et al. 2017c, Chapter 4), although this would need 
to be confirmed through a functional assay. In addition, the unique patterns of 
desmoglein-2 localization in M. eugenii and T. vulpecula may further maintain 
the uterine epithelium by preventing inflammation-induced apoptosis during 
pregnancy (Nava et al. 2007; Laird et al. 2017d; Chapter 5). Uterine strategies 
to maintain an intact uterine epithelium, irrespective of placentation type, may 
play an important role in implantation of marsupial embryos. 
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Importantly, uterine defences to embryonic invasion indicate potential intra-
uterine conflict between the mother and embryo in marsupial pregnancy 
(Crespi and Semeniuk, 2004; Carter and Enders, 2013). Since mammalian 
embryos can alter maternal physiology and cause uterine tissue damage 
(Roberts et al. 2016), particularly where implantation is highly invasive (Moore 
and Haig, 1991; Haig, 1993; Moore, 2012; Fowden and Moore, 2012), 
reinforcement of the uterine epithelium before implantation may be a maternal 
counter-strategy to regulate invasion of marsupial embryos. Basal 
reinforcement of the uterine epithelium through specific recruitment of talin 
occurs irrespective of placental type (Laird et al. 2017a, Chapter 2; Laird et al. 
2017c, Chapter 4; Laird et al. 2017d, Chapter 5), suggesting that maternal 
counter-strategies in marsupials likely evolved before non-invasive 
placentation. Accumulation of maternal uterine defences may thus enable 
non-invasive placentation to evolve secondarily from invasive placentation in 
mammals (Crespi and Semeniuk, 2004; Laird et al. 2017a, Chapter 2; Laird et 
al. 2017c, Chapter 4; Laird et al. 2017d, Chapter 5). In addition, species with 
non-invasive placentation show different morphological alterations during 
pregnancy relative to the least derived living marsupial clade (Laird et al. 
2017b, Chapter 3; Laird et al. 2017e, in prep, Chapter 6), indicating that in 
members of derived clades, the maternal side of the maternal-embryonic 
interface is modified relative to the ancestral invasive state (Freyer et al. 2002; 
Kin et al. 2014; Laird et al. 2017b, Chapter 3; Laird et al. 2017e, in prep, 
Chapter 6). Intra-uterine conflict likely promotes diversification of the maternal 
side of this interface in marsupials and in this way shapes mammalian 
placental evolution (Pijnenborg et al. 1985; Crespi and Semeniuk, 2004). 
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3. Role of intra-uterine conflict in marsupial placentation 
 
 Molecular reinforcement of the uterine epithelium may be an important 
maternal strategy in marsupial pregnancy to enable successful placentation. 
Nevertheless, similar reinforcement does not occur during pregnancy in the 
eutherian mammals studied to date (e.g. Johnson et al. 2001; Kaneko et al. 
2008; Burghardt et al. 2009), even though eutherian placentae are typically 
more invasive than those of marsupials (Amoroso, 1952; Renfree et al. 2013) 
and may produce greater adverse effects from intra-uterine conflict (Moore 
and Haig, 1991; Haig, 1993; Moore, 2012; Fowden and Moore, 2012). Lack of 
uterine epithelial defence strategies in eutherian mammals could be explained 
by alterations to the endometrial stroma. In eutherian mammals, stromal 
fibroblasts undergo cellular differentiation during pregnancy to become 
decidual cells (decidualisation; Kin et al. 2014; Wagner et al. 2014). The 
decidual cell is a novel cell type that is unique to eutherian mammals and 
develops primarily in species with invasive placentation (Wagner et al. 2014). 
Decidualisation is involved in maintenance of pregnancy by regulating 
embryonic invasion of the uterine stroma (Kirby, 1965; Moffett and Loke, 
2006). Deficient decidualisation results in uncontrolled embryonic invasion 
with dangerous maternal consequences, including death from haemorrhage 
(Moffett and Loke, 2006). In contrast to eutherian mammals, the uterine 
stroma of marsupials is relatively cell-poor (Wagner et al. 2014) and becomes 
progressively more so throughout pregnancy (Freyer et al. 2002; Kin et al. 
2014; Laird et al. 2017b, Chapter 3), although stromal mesenchymal cells, 
thought to be homologous to decidual cells, occur in M. domestica (Kin et al. 
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2014), belonging to the most basal clade of living marsupials. Since 
marsupials appear to lack mechanisms of regulating embryonic invasion after 
the uterine epithelium has been breached, the uterine epithelium likely plays a 
more important role in regulating implantation in marsupials than in eutherian 
mammals. Hence, unique mechanisms of both facilitating and regulating 
interactions at the maternal-embryonic interface have evolved in both 
eutherian mammals and marsupials: the evolution of a novel cell type has 
enabled stromal regulation of embryonic invasion in eutherian mammals 
(Moffett and Loke, 2006; Kin et al. 2014; Wagner et al. 2014), whereas 
embryonic invasion in marsupial pregnancy involves maternal reinforcement 
of the existing uterine epithelial barrier (Laird et al. 2017a, Chapter 1; Laird et 
al. 2017c, Chapter 4).  
 Embryonic implantation occurs relatively late in marsupial pregnancy, 
and gestation itself is relatively short. Both of these reproductive features limit 
direct cellular interaction between mother and embryo relative to that of 
pregnancy in eutherian mammals. These features may also regulate 
embryonic invasion by precisely controlling the timing of implantation and 
restricting how long the embryo is in utero (Shaw and Renfree, 2006). Since 
timing of implantation is also precisely controlled by when the uterus is 
receptive (Murphy, 2000; Murphy et al. 2000; Orchard and Murphy, 2002; 
Murphy, 2004; Kaneko et al. 2008; Zhang et al. 2013), the plasma membrane 
transformation itself may be a common strategy to regulate embryonic 
invasion in eutherian mammals and marsupials, and potentially also in 
viviparous squamate reptiles. This theory is supported by the occurrence of a 
plasma membrane transformation in M. domestica (Laird et al. 2017e, in prep, 
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Chapter 6), in which reproductive traits are thought to be most similar to the 
common ancestor of therian mammals (Kin et al. 2014; Hansen et al. 2016). 
This pattern in M. domestica suggests that the plasma membrane 
transformation may have evolved before the divergence of eutherian 
mammals and marsupials. While a non-receptive uterus is protected against 
pathogenic invasion (Park and Yang, 2011), the substantial remodelling 
required for receptivity is presumably energetically costly, and asynchrony 
between mating and uterine receptivity could result in missed reproductive 
opportunities. In women, for example, deferral of implantation to outside of the 
window of receptivity is associated with recurrent pregnancy failure (Macklon 
et al. 2002; Zhang et al. 2013). Repeated evolution of the plasma membrane 
transformation in diverse amniote groups implies that it is under strong 
positive selection (Murphy et al. 2000; Thompson et al. 2002). Hence, 
restricting embryonic implantation to a brief window of receptivity may be a 
shared mechanism to regulate embryonic invasion in marsupials and 
eutherian mammals, and potentially also in viviparous squamate reptiles. 
Marsupial reproductive strategies, including short pregnancies and relatively 
late embryonic implantation, demonstrate that the compromise between 
conflict and cooperation in marsupial pregnancy increases maternal control. 
 
4. Alternate theories of mammalian placental evolution 
 
 While uterine strategies in marsupial pregnancy suggest that conflict 
drives marsupial placental evolution, placental diversity may also be shaped 
by mechanisms to protect the embryo from adverse immune reactions 
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(Medawar, 1953; Billington, 2003). Like conflict, maternal immune responses 
are related to the degree of embryonic invasion (Moffett and Loke, 2006). 
Endotheliochorial placentation induces a uterine immune reaction as 
embryonic cells invade the uterus and interact with both stromal cells and 
immune cells in the stroma (Moffett and Loke, 2006). Haemochorial 
placentation induces both a uterine immune response and a systemic immune 
response resulting from direct contact with maternal blood (Moffett and Loke, 
2006). In contrast, species with epitheliochorial placentation, with simple 
apposition between embryonic cells and the uterine epithelium, likely induce 
less adverse immune responses (Moffett and Loke, 2006). These species 
also lack immune cells in the uterine stroma and encounter minimal immune 
recognition compared with species that implant invasively (Moffett and Loke, 
2006). Hence, placentation must balance nutrient provision to the embryo with 
protection from the maternal immune system (Medawar, 1953; Entrican, 2002; 
Billington, 2003; Moffett and Loke, 2006; Capellini et al. 2015). The risks of 
these trade-offs are greatest for haemochorial placentation as the lack of cell 
separation between maternal and embryonic cells could result in allorejection 
of the embryo (Entrican, 2002; Moffett and Loke, 2006), as well as direct 
transfer of microparasites, including bacteria, between mother and embryo 
across the maternal circulation (Moffett and Loke, 2006; Capellini et al. 2015). 
Hence, non-invasive placentation could also evolve secondarily to afford 
greater embryonic protection from adverse immune effects during pregnancy. 
 Intra-uterine conflict and immunological protection are not mutually 
exclusive theories of mammalian placental evolution. Conflict theory proposes 
that protection of the mother from the embryo has driven the evolution of 
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uterine modifications (Crespi and Semeniuk, 2004; Fowden and Moore, 2012; 
Moore, 2012; Carter and Enders, 2013), while immune theory proposes that 
these modifications evolved as protection of the embryo from the mother 
(Moffett and Loke, 2006). Both factors are likely to influence placental 
evolution (Ostrovsky et al. 2016), as precise balance of both immune 
regulation and embryonic invasion is critical for pregnancy success. In 
marsupials, the uterine epithelium is critically important in maintaining this 
balance as separation of maternal and embryonic cells protects both the 
uterus from uncontrolled invasion, and the embryo from immune reactions. 
Hence, mechanisms to maintain the uterine epithelium in marsupial 
pregnancy could contribute to both of these key barrier functions. 
 Since marsupial embryos do not contact maternal blood directly, and 
undergo relatively limited interaction with stromal cells (Wagner et al. 2014), 
the potential immune responses experienced by marsupial embryos may be 
less adverse than those of eutherian mammals. Hence, strategies to protect 
the embryo from the maternal immune system may play a larger role in 
placental evolution in eutherian mammals than in marsupials. Conflict may 
thus better explain uterine patterns and modifications in marsupial pregnancy, 
and may even underpin the evolution of a reduced immune reaction in 
marsupials. 
  
5. Further research 
  
 My research findings open up a range of directions to further test 
hypotheses of intra-uterine conflict in marsupial pregnancy. Marsupial 
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embryos are less invasive than those of many eutherian mammals (Amoroso, 
1952; Renfree et al. 2013), yet their intrinsic invasive potential has not been 
tested directly. Investigating invasiveness of marsupial embryos could thus 
determine the extent to which both the uterus and the embryo contribute to 
overall invasion at implantation. My findings suggest that the uterus plays a 
large part in determining how invasively marsupial embryos implant. This 
hypothesis could be tested experimentally by removing embryos from the 
uterus and allowing them to implant at an ectopic site within the body, outside 
of uterine control. For example, pig embryos, which normally implant non-
invasively, are capable of highly invasive implantation at ectopic sites 
(Samuel, 1971; Samuel and Perry, 1972; Martin, 2008). Similar studies could 
be conducted in a range of marsupial species with different placental types to 
identify whether a relationship exists between uterine control over invasion 
and placental type in marsupials. Greater embryonic invasion ectopically, 
relative to normal implantation, would provide strong evidence for uterine 
control over invasion of marsupial embryos. Similar or reduced invasion 
ectopically would suggest that the secondary evolution of non-invasive 
placentation in marsupials has involved both uterine modifications and 
selection for less- or non-invasive embryos. 
 Intra-uterine conflict in marsupial pregnancy could also be investigated 
by conducting a phylogenetic test of its assumptions. Conflict is predicted to 
be greatest when the uterus contains multiple offspring (Rutherford and Tadif, 
2008; Fowden and Moore, 2012), particularly when embryos have different 
fathers (polyandry; Haig, 1999; Zeh and Zeh, 2000; Mills and Moore, 2004; 
Moore, 2012). Members of several marsupial groups, including Dasyuridae, 
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Didelphidae, and Peramelidae, produce relatively large litters (Tyndale-Biscoe 
and Renfree, 1987), including litters of up to 14 offspring in M. domestica. 
Members of these groups also mate with multiple males and have specialized 
sperm storage organs (Lyne and Hollis, 1977; Taggart and Temple-Smith, 
1991; Selwood and McCallum, 1987; Breed et al. 1989; Parrott et al. 2005). In 
contrast, production of a single offspring is considered to be a derived trait of 
phalangerid and macropodid marsupials as members of these groups still 
have multiple teats (Tyndale-Biscoe and Renfree, 1987). Interestingly, large 
litters are correlated with invasive placentation in marsupials, while production 
of a single embryo correlates with non-invasive placentation. A similar pattern 
also occurs in some groups of eutherian mammals (Itô, 1980) as ungulates 
(epitheliochorial placentation) produce single offspring, with the exception of 
pigs, which have litters of up to 20 piglets (Bourlière, 1964; Itô, 1980), 
although species with invasive placentation show highly variable litter sizes: 
from large litters in carnivores and some rodents to single offspring in 
humans, sloths and most primates (Bourlière, 1964; Itô, 1980). Additionally, 
both litter size and placental type correlate with gestation length in marsupials. 
Dasyurids and didelphids have relatively short pregnancies (Selwood and 
Woolley, 1991; Roberts and Breed, 1994; Freyer et al. 2002), and one of the 
shortest pregnancies occurs in the peramelid Perameles nasuta (12.5 days: 
Padykula and Taylor, 1976) in which placentation is also the most invasive of 
any marsupial (Padykula and Taylor, 1976; 1982). In contrast, gestation in 
phalangerid and macropodid marsupials is relatively long for marsupials 
(Freyer et al. 2002). Hence, production of a single offspring may reduce intra-
uterine conflict such that embryos can be retained for longer in utero, although 
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birth occurs at a similar developmental stage to other marsupials. Production 
of single offspring may thus have evolved alongside non-invasive placentation 
and may be an additional adaptation to mitigate intra-uterine conflict in 
marsupial pregnancy. Conflict theory also predicts that higher conflict results 
in faster rates of speciation (Zeh and Zeh, 2000; 2008), which is supported by 
a correlation between species richness and large litter sizes in marsupials 
(Isaac et al. 2005). Rates of chromosomal evolution are also faster in 
dasyurids than macropodids (Graves, 1996; Zeh and Zeh, 2000), suggesting 
a possible link between speciation rate and polyandry that warrants further 
investigation. 
 Additional studies could investigate post-partum conflict in marsupials. 
Since marsupial placentae form late in pregnancy and function for a short 
time, the majority of nutrient allocation to the embryo takes place during an 
extended lactation period (Tyndale-Biscoe and Renfree, 1987; Roberts and 
Breed, 1994; Freyer and Renfree, 2009). Marsupial lactation is highly 
sophisticated as mothers continuously alter milk composition and completely 
control offspring development (Renfree et al. 2009; 2013). Hence, lactation 
may be an additional key period of parent-offspring conflict in marsupial 
pregnancy, which is supported by genomic imprinting in the mammary gland 
(Moore and Haig, 1991; Renfree et al. 2009; 2013). Increased post-partum 
conflict could also be expected in species with large litters and multiple 
paternity, similar to increased competition for resources between nest mates 
(Trivers, 1974; Harper 1986; Godfray, 1995a-b; Haig, 1999). Milk composition 
is tailored to developmental stage of offspring, which is determined by 
offspring signaling. Studies could investigate whether offspring can employ 
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‘false’ signals to increase their resource allocation, particularly in large litters 
(Wells, 2003). In addition, reproductive oestrous cycling in macropodids is 
suppressed by production of prolactin stimulated by suckling of the pouch 
young during lactation, which results in embryonic diapause (Renfree and 
Shaw, 2000; Hinds and Tyndale-Biscoe, 2013). In macropodids, this 
physiological mechanism may have been modified to reduce conflict between 
litters in macropodid species (Hudson and Trillmich, 2008).  
Finally, several studies in this thesis involve relative small sample sizes 
due to the difficulty in obtaining marsupial tissue generally, as well as 
difficulties in obtaining tissue at specific stages of pregnancy. Future studies 
involving larger sample sizes, particularly of T. vulpecula, would be beneficial 
in confirming the findings of this thesis. 
  
6. Concluding remarks 
 
 My findings confirm that the plasma membrane transformation is an 
important, conserved feature of marsupial pregnancy that occurs irrespective 
of placental type. Different molecular patterns in marsupial pregnancy suggest 
that marsupials and eutherian mammals employ different strategies to 
balance conflict and cooperation during pregnancy. Remodelling of the uterine 
epithelium in marsupial pregnancy involves complex modifications to maintain 
an intact uterine epithelium and these cellular alterations likely evolved to both 
mitigate intra-uterine conflict and to protect marsupial embryos from immune 
rejection. Hence, both conflict and immune responses in the uterus have likely 
shaped placental evolution in marsupials and resulted in the evolution of 
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unique marsupial reproductive features that restrict maternal-embryonic 
interaction. My findings suggest that uterine remodelling associated with a 
plasma membrane transformation in marsupial pregnancy enables greater 
maternal control over pregnancy and is likely shaped predominantly by intra-
uterine conflict.  
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Abstract 
Amniotes (birds, reptiles and mammals) exhibit a remarkable range of reproductive strategies. The 
transition from oviparity (egg-laying) to viviparity (live birth) has occurred independently multiple 
times in squamate reptiles (snakes and lizards) and once in therian mammals (placental mammals and 
marsupials) and requires many changes to the uterus to allow the embryo to develop inside the 
mother. An important step in this transition is the evolution of a placenta. Formation of a placenta in 
early pregnancy requires substantial remodelling of the surface of the uterus, termed the plasma 
membrane transformation. Similar cellular changes occur in both placental mammals and live-bearing 
squamate reptiles which suggests this phenomenon plays an important role in the evolution of 
amniote viviparity. 
 
Marsupials are ideally placed to test theories of the generality and importance of the plasma membrane 
transformation of the uterus. Similar morphological changes also occur in a marsupial species 
(Sminthopsis crassicaudata; Dasyuridae), suggesting these changes are ubiquitous in amniote pregnancy, 
but remodelling appears to be underpinned by different molecular changes in each group. This study 
demonstrates that not all uterine changes are common across vertebrate lineages. Thus, the transition 
from egg-laying to live birth may involve flexible molecular recruitment as common molecules do not 
play the same roles in pregnancy in different live bearing groups. This study highlights the necessity of 
including marsupials as a separate mammalian group in comparative studies, and the valuable and 
novel contribution marsupials can make to evolutionary theories. 
Introduction 
The transition from egg-laying (oviparity) to 
live birth (viviparity) has occurred many 
times within the vertebrates and produced a 
remarkable diversity of live-bearing species 
(Blackburn and Flemming, 2009): from 
mammals, to live-bearing skinks and snakes, 
and even to male pregnancy in seahorses 
(Whittington et al., in review).  This life 
history transition involves many complex 
steps, including a reduction of the eggshell, 
and development of mechanisms to fulfill 
the embryo’s gas exchange and waste 
removal requirements during development 
in the uterus.  Repeated evolution of live 
birth within the vertebrate clade Amniota 
(birds, reptiles and mammals; Figure 1) has 
resulted in major differences in gestation 
length, and the amount of nutrients 
provided to the embryo during pregnancy.  
Despite these differences, viviparous 
members of this clade overcome the novel 
problems of viviparity in common ways.  
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The best example of a common strategy is 
the co-option of the characteristic extra-
embryonic membranes of this group, which 
in egg-laying taxa meet an embryo’s needs 
within an eggshell, to form a placenta in 
early pregnancy.  The placenta is a complex 
organ that forms from intimate contact 
between the embryo and the cells of the 
uterus as the embryo implants, and enables 
exchange of gases, wastes and, to varying 
extents, nutrients, to occur between the 
mother and the embryo within the uterus 
(Ramirez-Pinilla et al., 2012). 
 
 
Figure 1:  Phylogeny of the amniotes.  Blue 
branches indicate lineages which contain 
viviparous members. 
 
Placentation requires significant remodelling 
of the epithelial cells lining the uterus in 
early pregnancy to enable intimate contact 
between the uterus and the embryo. 
Without remodelling, the uterus will not 
become receptive to implantation by the 
blastocyst, and pregnancy will fail (Kaneko 
et al., 2008; Murphy, 2004; Murphy et al., 
2000; Orchard and Murphy, 2002; Zhang et 
al., 2013).  Hence, the cell changes that 
occur during this period, termed the plasma 
membrane transformation (Figure 2), are 
critical to determining the success of the 
pregnancy (Murphy, 2000; 2004; Murphy et 
al., 2000). 
 
Common Uterine Changes  
Recent studies of pregnancy in live-bearing 
lizards have identified changes that are 
remarkably similar to those changes 
involved in preparation for mammalian 
pregnancy (Biazik et al., 2007; Murphy et al., 
2000).  In both lizards and placental 
mammals, uterine cells flatten, and lose 
microvilli from their apical surfaces (Figure 
2), creating a smooth, flat surface to which 
the embryo can adhere (Murphy, 2004; 
Murphy et al., 2000; Orchard and Murphy, 
2002).  
 
Junctions in the lateral membrane undergo 
distinct structural changes (Murphy, 2000; 
Murphy et al., 2000; Orchard and Murphy, 
2002).  Tight junctions, which regulate fluid 
transport across the uterine lining, are 
modified to block unregulated solute 
movement into the uterus (Biazik et al., 
2007; Orchard and Murphy, 2002).  This 
modification enables precise control of the 
fluid environment surrounding the embryo 
during implantation and development 
(Murphy, 2000; Murphy et al., 1982). 
 
The number of desmosomes, or attachment 
points between epithelial cells, decreases at 
implantation as the remodelled cells become 
more labile (Biazik et al., 2010).  Thus, the 
apical and lateral morphological changes 
shared by squamate reptiles and placental 
mammals influence both the structural and 
chemical environment to which the embryo 
is exposed in the uterus. 
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Figure 2:  Remodelling of the uterine lining during pregnancy.  A) Non-receptive cells have long 
apical microvilli, short lateral tight junctions and numerous lateral desmosomes.  B) Receptive 
cells have undergone a ‘plasma membrane transformation’ (PMT) and are remodelled.  Apical 
microvilli are replaced by a smooth flat surface.  Laterally, tight junctions extend further down the 
membrane and the number of desmosomes is reduced.  Receptive cells are ready to receive the 
embryo at implantation (adapted from Murphy, 2000). 
 
Molecular Changes 
A common beginning to pregnancy in 
diverse live-bearing groups suggests that this 
suite of morphological changes is essential 
for receptivity and successful pregnancy in 
live-bearing species.  Remarkably, these 
apical and lateral changes occur whether the 
embryo breaches the uterine lining and 
invades maternal tissue, even maternal 
blood vessels, as it implants (haemochorial 
placentation), or whether the embryo simply 
adheres to the uterine lining and does not 
invade (epitheliochorial placentation; Biazik 
et al., 2010; Wooding and Flint, 1994).  
Repeated evolution of morphological 
changes in diverse groups suggests that the 
plasma membrane transformation is a 
fundamental characteristic of live birth in 
the amniotes (Murphy et al., 2000; 
Thompson et al., 2002). 
 
While morphological changes are common 
between viviparous groups, the molecular 
changes that underpin them are much more 
variable.  For example, modification of tight 
junctions involves the molecule claudin-5 in 
both placental mammals and squamate 
reptiles (Biazik et al., 2008).  Occludin, 
another key tight junction molecule, is also 
involved in this process in placental 
mammals, but not all viviparous skink 
lineages (Biazik et al., 2007).  Differences in 
patterns of key molecules involved in 
pregnancy suggest that the roles of these 
molecules differ between lineages (Biazik et 
al., 2007), and that the common 
morphological changes shared by different 
viviparous groups are underpinned by 
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flexible, or variable, molecular mechanisms 
(Brandley et al., 2012).  
 
The ‘Other’ Mammals 
Marsupials, while part of the same 
viviparous lineage as placental mammals, are 
a highly unusual mammalian group which 
has been distinct for at least 125 million 
years (Graves, 1996).  The unique features 
of pregnancy in this group mean that 
marsupials provide an important and novel 
perspective to studies of amniote viviparity 
(Graves and Westerman, 2002; Shaw and 
Renfree, 2006).  A short gestation period (as 
short as 12 days in Smithopsis. crassicaudata), 
followed by an extended period of lactation 
in the pouch (Carter, 2008; McAllan, 2011), 
during which most organ growth and 
differentiation of the young occurs (Freyer 
and Renfree, 2009; McAllan, 2011; Renfree, 
2010; Shaw and Renfree, 2006).  The 
marsupial embryo is surrounded by a shell 
for most of pregnancy and ‘hatches’ in the 
uterus several days before birth.  As a result, 
implantation and formation of a 
choriovitelline placenta do not occur until 
late in pregnancy, and in some cases, the 
placenta functions for only a few days 
(Roberts and Breed, 1994). 
 
Despite the unique features of marsupial 
pregnancy, a plasma membrane 
transformation occurs in the marsupial 
species Sminthopsis crassicaudata (the fat-tailed 
dunnart; Laird et al., 2014), demonstrating 
that uterine changes are a ubiquitous and 
essential requirement of amniote pregnancy. 
The next step is to identify the molecular 
changes that underpin the plasma 
membrane transformation in marsupial 
pregnancy, and to compare the molecular 
mechanisms with those of other live-
bearing mammals.  In this way, marsupials 
provide an ideal model system to test the 
generality of uterine changes in mammalian 
pregnancy and to identify their importance 
in the evolution of live birth in this group. 
 
Basal membrane changes in 
Sminthopsis crassicaudata  
We conducted a study of the molecules 
involved in changes in the basal plasma 
membrane of uterine cells during pregnancy 
in a marsupial (Sminthopsis crassicaudata; 
Dasyuridae).  Changes in the basal plasma 
membrane, particularly molecular changes, 
are potentially the most interesting and 
informative as they are directly involved in 
the cellular dynamics of implantation.  In 
the rat, implantation involves sloughing of 
regions of the uterine lining to facilitate 
invasion of the embryo into the underlying 
maternal blood vessels (Enders and 
Schlafke 1967).  Sloughing requires 
disassembly of protein complexes (focal 
adhesions) that anchor the uterine lining to 
the underlying uterine tissue.  This process 
involves loss of focal adhesion molecules, 
including talin and paxillin, from the basal 
region of cells before the embryo can 
implant (Kaneko et al., 2008; 2009). 
 
Highly invasive implantation and sloughing 
are rare among viviparous species.  Most 
eutherian embryos breach only the uterine 
lining, and not the maternal blood vessels, 
while in most live-bearing squamate reptiles, 
the embryo adheres to the uterine lining and 
does not invade (Wu et al., 2011).  It is 
therefore unlikely that preparation for 
implantation would involve the same basal 
changes as the rat in all viviparous groups.  
Instead, a specific set of basal changes may 
be required for different modes of 
implantation.  As implantation in S. 
crassicaudata is less invasive than that of the 
rat and no sloughing occurs (Roberts and 
Breed, 1994), this species is ideal to test the 
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relationship between uterine changes and 
implantation mode. 
 
 
Figure 3:  Immunofluorescence micrograph 
of talin localisation in uterine epithelial cells 
(UEC) during pregnancy in Sminthopsis 
crassicaudata.  A prominent line of talin 
localisation (green) occurs at the base of 
both opposing rows of uterine epithelium 
pre-implantation. 
Blue staining=cell nuclei; scale bar = 10m. 
 
We fluorescently labelled talin and paxillin 
and identified the patterns of localisation of 
these molecules in uterine epithelial cells 
throughout pregnancy in S. crassicaudata.  We 
then compared these patterns to those that 
occur during rat pregnancy.  Interestingly, 
we found that both of these key basal 
molecules are also involved in pregnancy in 
S. crassicaudata, but the patterns of 
localisation differ to those of the rat.  While 
talin and paxillin are lost from the uterine 
lining in the rat before implantation, in 
preparation for sloughing, these molecules 
are most tightly localised to the base of the 
uterine lining during this period in S. 
crassicaudata (Figure 3).  This localisation 
pattern indicates that connections between 
the uterine lining and underlying tissue are 
strongest just before the embryo implants. 
 
Different patterns of localisation in uterine 
cells indicate that these molecules play 
different roles in marsupial pregnancy 
compared with rats.  As these two species 
have different modes of implantation, 
different molecular patterns imply that not 
all uterine changes in early pregnancy are 
common, as basal changes differ with 
implantation mode.  Importantly, different 
molecular patterns in these two species also 
highlight a fundamental difference in the 
response of the uterus to the embryo.  
While loss of the basal molecules talin and 
paxillin facilitates invasion in the rat 
(Kaneko et al., 2008, 2009), recruitment of 
these molecules to the basal plasma 
membrane of cells lining the uterus appears 
to strengthen the underlying connections of 
the uterine lining in S. crassicaudata. 
 
Conflict in utero 
Different uterine responses to the embryo 
in both the rat and S. crassicaudata may be 
explained in terms of conflict between the 
mother and the embryo.  All vertebrate 
embryos can manipulate maternal 
reproductive physiology by releasing 
hormones and signalling molecules (Crespi 
and Semeniuk, 2004; Haig, 1993).  As the 
plasma membrane transformation enables 
intimate contact between embryonic and 
maternal membranes, embryos can 
manipulate maternal physiology to a greater 
extent, and thereby maximise their share of 
resources (Crespi and Semeniuk, 2004).  
Manipulation is potentially greatest in 
species in which the embryo invades the 
maternal vasculature, including rats and 
humans, as contact is most intimate 
(Wooding and Flint, 1994). 
 
Recent evidence suggests that less invasive 
types of implantation may evolve 
secondarily from highly invasive 
implantation in therian mammals through 
the accumulation of maternal defences to 
the embryo (Carter, 2008; Crespi and 
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Semeniuk, 2004).  Conflict in utero creates 
an ‘arms race’ which results in the evolution 
of counter strategies on the part of both the 
mother and embryo to gain control over 
resource allocation. 
 
The molecular changes in the uterus of S. 
crassicaudata, which has less invasive 
implantation, support this theory of 
placental evolution.  Reinforcement of the 
uterine lining, the first barrier to embryonic 
attachment, just before implantation of the 
embryo is likely to be an example of a 
maternal strategy to regulate invasion by the 
embryo in this species.  Hence, this study 
suggests that conflict occurs in utero during 
marsupial pregnancy, despite the relatively 
short gestation length in and brief direct 
contact between the uterus and the embryo. 
 
Identifying additional maternal defences 
involved in pregnancy in S. crassicaudata, and 
other marsupial species, will allow us to 
determine the extent to which conflict 
occurs in the marsupial uterus.  Such 
maternal defences may involve other key 
molecules which facilitate basal 
modification of the uterine lining, including 
members of the integrin molecular family 
(Kaneko et al., 2011). 
 
In particular, comparison with marsupial 
species with non-invasive implantation, 
such as wallabies and kangaroos, will be 
most informative as maternal defences to 
the embryo are likely to play a greater role in 
pregnancy in these species. 
 
Conclusion 
While shared morphological changes to the 
surface of the uterus facilitate attachment of 
the embryo in both marsupials and placental 
mammals, this study demonstrates that the 
molecular responses of the uterus to 
embryonic invasion differ between 
mammalian species.  The complex response 
of the marsupial uterus to invasion 
challenges the assumption that marsupial 
pregnancy is ‘primitive’ relative to the 
placental condition (e.g. Lillegraven, 1975), 
and highlights the need for these 
‘alternative’ mammals (Renfree, 2010) to be 
included as a distinct group alongside 
placental mammals in comparative studies, 
as both are critical to understanding the 
evolution of mammalian live birth. 
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Uterine morphology during diapause and early
pregnancy in the tammar wallaby (Macropus eugenii)
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Abstract
In mammals, embryonic diapause, or suspension of embryonic development, occurs when embryos at the
blastocyst stage are arrested in growth and metabolism. In the tammar wallaby (Macropus eugenii), there are
two separate uteri, only one of which becomes gravid with the single conceptus at a post-partum oestrus, so
changes during pregnancy can be compared between the gravid and non-gravid uterus within the same
individual. Maintenance of the viable blastocyst and inhibition of further conceptus growth during diapause in
the tammar is completely dependent on the uterine environment. Although the specific endocrine and
seasonal signals are well established, much less is known about the cellular changes required to create this
environment. Here we present the first detailed study of uterine morphology during diapause and early
pregnancy of the tammar wallaby. We combined transmission electron microscopy and light microscopy to
describe the histological and ultrastructural changes to luminal and glandular epithelial cells. At entry into
diapause after the post-partum oestrus and formation of the new conceptus, there was an increase in
abundance of organelles associated with respiration in the endometrial cells of the newly gravid uterus,
particularly in the endoplasmic reticulum and mitochondria, as well as an increase in secretory activity.
Organelle changes and active secretion then ceased in these cells as they became quiescent and remained so
for the duration of diapause. In contrast, cells of the non-gravid, post-partum, contralateral uterus underwent
sloughing and remodelling during this time and some organelle changes in glandular epithelial cells continued
throughout diapause, suggesting these cells are not completely quiescent during diapause, although no active
secretion occurred. These findings demonstrate that diapause, like pregnancy, is under unilateral endocrine
control in the tammar, and that preparation for and maintenance of diapause requires substantial changes to
uterine endometrial cell ultrastructure and activity.
Key words: diapause; endometrium; tammar; transmission electron microscopy; uterus.
Introduction
Embryonic diapause is a remarkable reproductive strategy
in which normal pregnancy is interrupted by a period of
suspended embryonic development (Renfree & Shaw,
2000). Extension of the gestation period has important life
history consequences for diapausing species because suc-
cessful pregnancy is ensured by allowing young to be born
at optimal times of the year (Mead, 1993; Renfree & Shaw,
2000; Lopes et al. 2004). The selective advantage conferred
by embryonic diapause is reflected by its widespread occur-
rence in mammals (Renfree & Shaw, 2000). Seven mam-
malian orders have diapause (Renfree & Calaby, 1981;
Mead, 1993). The widespread distribution of diapause in
mammals suggests it has evolved repeatedly (Mead, 1993;
Renfree & Shaw, 2000; Fenelon et al. 2014; but see also Ptak
et al. 2012).
Diapause traits also vary widely between mammalian
groups, and even between closely related species (Mead,
1993; Renfree & Shaw, 2000; Fenelon et al. 2014). For exam-
ple, the embryos of many species, including rodents, shed
the zona pellucida and contact maternal cells before dia-
pause, whereas those of marsupials and carnivores retain
their acellular embryonic coats (Lopes et al. 2004). Embryonic
development completely ceases during diapause in most spe-
cies, yet some still exhibit slow cell growth throughout dia-
pause (Renfree & Shaw, 2000; Lopes et al. 2004). The controls
of diapause are diverse and diapause can either be faculta-
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tive (i.e. controlled by environmental factors or induced
experimentally), as occurs in rodents and marsupials, or obli-
gate (present in every gestation), as occurs in mustelid carni-
vores, the roe deer and marsupials (Lopes et al. 2004). There
is also great variation in duration of developmental arrest:
4–10 days in rats and mice to 11 months in the tammar wal-
labyMacropus eugenii (reviewed in Renfree & Shaw, 2000).
Despite wide variation in diapause characteristics, embry-
onic development is arrested at the unilaminar blastocyst
stage in all mammalian species that have diapause (Renfree
& Calaby, 1981; Mead, 1993; Lopes et al. 2004). Recent
evidence suggests that the molecular patterns involved in
diapause, including the uterine molecular mediators Msx1
and Msx2, may also be highly conserved across unrelated
groups of diapausing mammals (Cha et al. 2013). The uterus
induces arrest of embryonic development and maintains via-
bility of the embryo during quiescence (Lopes et al. 2004;
Renfree & Shaw, 2014). Secretory activity of the uterus is
typically tightly linked to activity of the corpus luteum and
its secretion of progesterone, and the uterine environment
is created by secretions from glandular and luminal epithe-
lial cells during early pregnancy (Renfree & Shaw, 2000).
Hence, pre-diapause uterine changes are the key to under-
standing how the uterus prepares for and maintains dia-
pause. Uterine changes after reactivation of the embryo are
tightly correlated with the ultrastructure of uterine cells and
activity of both the uterus and the corpus luteum (Enders,
1967; Mead, 1993; Renfree & Shaw, 2000). However, the
period leading up to diapause is poorly studied, and little is
known of the ultrastructural changes associated with initia-
tion of diapause (Renfree & Shaw, 2000; Lopes et al. 2004).
Diapause studies have typically used the mouse as a
model in which diapause is induced experimentally (O’Neill
& Quinn, 1983; Renfree & Shaw, 2000). However, the mouse
embryo hatches from the zona pellucida before diapause,
so identifying the role of the uterine environment in the
initiation of arrest is confounded by the direct cellular con-
tact with the maternal cells (Weitlauf, 1994; Renfree &
Shaw, 2000). Marsupials are ideal models for such studies
because they have a keratinous shell coat and thick mucin
layer that prevents direct contact between embryonic and
maternal cells. Thus from the time the embryo enters the
uterus, through early pregnancy and diapause, and until
placental attachment occurs only in the final third of preg-
nancy, the embryo is dependent on secretions from the
uterine glands for nourishment (Renfree & Shaw, 2000).
The reproductive features of the tammar make this spe-
cies ideal for studies of the initiation of diapause. Like all
marsupials, tammar wallabies possess two completely sepa-
rate uteri, each with an associated ovary. The tammar is
monovular, and as ovulation alternates between the two
ovaries, only one uterus becomes gravid and carries an
embryo (Renfree, 2000). Reproduction in the tammar is
under both lactational and seasonal control (Tyndale-
Biscoe & Renfree, 1987; Renfree & Shaw, 2000). The annual
breeding cycle of the tammar is highly predictable and is
triggered by the summer solstice, 22 December in the south-
ern hemisphere. Births occur at the end of January and are
followed by a post-partum oestrus (Tyndale-Biscoe & Ren-
free, 1987; Renfree, 1993) and mating normally occurs
within an hour of birth (Rudd, 1994). Ovulation occurs from
the ovary contralateral to the post-partum uterus the day
after birth (Fig. 1), and the embryo enters the uterus ipsilat-
eral to this ovary (the newly gravid uterus) 1–2 days later.
The embryo develops to the unilaminar blastocyst stage
and diapause is initiated by the suckling stimulus of the
pouch young. Both the corpus luteum and the embryo are
held in arrest by the suckling stimulus until after the short-
est day. Seasonal diapause intervenes after the winter sol-
stice and the blastocyst and corpus luteum remain
quiescent until the longest day, when reactivation of the
embryo and the corpus luteum occur (Tyndale-Biscoe &
Renfree, 1987; Renfree, 1993; Renfree & Shaw, 2014).
Importantly, the anatomical arrangement of uteri and
ovaries in the tammar means that each individual has an in-
built ‘control’ uterus (Fig. 1; Renfree, 2000). Both uteri
(gravid and non-gravid) are under the same peripheral (sys-
temic) endocrine conditions, but experience different local,
unilateral, effects due to proximity to the developing folli-
cle on one side and the corpus luteum on the other (Towers
et al. 1986; Renfree & Blanden, 2000; Shaw & Renfree,
2006), or due to the presence of a developing embryo in
pregnancy (Renfree, 1972). Thus comparison of the two
uteri enables identification of the uterine changes that
occur leading up to, and during, diapause.
Here we identify the changes in uterine endometrial cell
morphology in both the newly gravid and newly non-
gravid uterus (post-partum uterus; Fig. 1) required for entry
into embryonic diapause in the tammar wallaby. We com-
bine transmission electron microscopy and light microscopy
to identify histological and ultrastructural changes in both
glandular and luminal epithelial cells.
Material and methods
Animals
Tammar wallabies of Kangaroo Island, South Australia, origin were
held in our marsupial colony of The University of Melbourne, Victo-
ria, Australia or collected from Kangaroo Island, South Australia.
Their diet in captivity consisted of pasture supplemented with
lucerne cubes and water ad libitum. All animal handling and experi-
mentation were approved by the University of Melbourne Animal
Experimentation and Ethics Committees.
Collection of uterine tissues
Tissue from both gravid and non-gravid uteri was collected from
wild pregnant tammar wallabies shot on Kangaroo Island, South
Australia (n = 25) or from pregnant females held at the breeding
colony, University of Melbourne, Victoria (n = 15) as previously
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described (Renfree & Tyndale-Biscoe, 1978). The stage of develop-
ment of the tissue was determined based on the developmental
stage of the embryo and the age of pouch young using published
growth curves (Poole et al. 1991) or from a known time after a
detected birth or mating. The day of birth was designated as day 0
post-partum. Uterine tissue was collected from culled animals
immediately after parturition (day 0) until day 8 post-partum, and
from stages during early (20–50 days post-partum), mid (60–
100 days post-partum) and late embryonic diapause (>150 days
post-partum). The reproductive status of the uterus in each female
was confirmed after careful examination of the ipsilateral ovary for
the presence of a mature follicle, ruptured follicle or new corpus
luteum and upon recovery of an embryo from either the oviduct or
uterus, depending on the stage of development.
Full thickness strips of uterine tissue, endometrium and myome-
trium, of a longitudinal section of the same width were collected
from both the newly gravid uterus and the post-partum uterus in all
animals to eliminate regional variation. The endometrial layer con-
sists of the luminal epithelium (a single layer of epithelial cells which
makes up the inner lining of the uterus and comes into direct con-
tact with the embryo), the uterine or endometrial glands (tubules
lined by secretory epithelial cells), and the connective tissue stroma.
Each stage of development was represented by a minimum of three
samples, and at least four longitudinal strips were collected from
both uteri per animal for histological and ultrastructural analysis.
Light microscopy of uterine tissues
Strips of uterine tissue were fixed fresh in 4% paraformaldehyde
(PFA) overnight and then washed and stored in 70% ethanol. Sam-
ples were embedded in paraffin for light microscopy. Paraffin
blocks were serially sectioned at 8 lm on a microtome and
Fig. 1 Reproductive cycle of the tammar
wallaby (Macropus eugenii). The uterus
associated with the foregone pregnancy is
termed the post-partum uterus. The
contralateral uterus which receives
the embryo, and is associated first with the
Graafian follicle, then with the new corpus
luteum (CL) following ovulation, is termed the
newly gravid uterus.
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mounted onto gelatin-coated glass slides. Sections were cleared
with histolene (Pathtech Diagnostics, Box Hill, Victoria), rehydrated
through a series of ethanol concentrations and stained with Harris’s
haematoxylin and Putt’s eosin. Sections were examined and pho-
tographed on a Leitz compound light microscope. At least four
full-thickness strips of uterine tissue from different blocks were
examined from each gravid and non-gravid uterus per animal. The
thickness of the luminal epithelium and endometrial stroma was
measured following the approach of Cruz & Selwood (1997): thick-
ness was measured along a transect perpendicular to the parallel
proximal and distal surfaces of the luminal epithelium and endome-
trial stroma, respectively. The abundance of uterine glands in the
endometrium was estimated by counting the number of cross-sec-
tions of glands (‘whole gland profiles’) within three 0.5-mm squares
for each animal. Although oedema of the stroma could affect the
number of observed cross-sections, it does not occur to any great
extent until around day 15 of pregnancy (Renfree & Tyndale-Biscoe,
1973) and these samples were all taken before day 8.
Electron microscopy of uterine tissues
For transmission electron microscopy (TEM), full-thickness pieces
(1 mm3) were fixed fresh in 5% glutaraldehyde-paraformaldehyde
overnight at 4 °C and then stored in 0.1 M sodium cacodylate buffer
until processing. Tissues were post-fixed in 1% osmium tetroxide
(OsO4) in 0.2 M cacodylate buffer for 1–2 h at room temperature,
stained with uranyl acetate in maleate buffer, dehydrated slowly
through a series of ethanol concentrations from 30 to 100%, and
then fully dehydrated in 100% dry ethanol for 30 min. Samples
were transferred to epoxy propane and then to a combination of
epoxy propane with an increasing ratio of Epon Araldite resin. The
epoxy propane was allowed to evaporate from the solution under
a fume hood. Finally, tissues were embedded in pure fresh Epon
Araldite resin and incubated at 60 °C for up to 48 h. The resin con-
sisted of a mixture of 25 mL Procure 812, 15 mL Araldite 502, 55 mL
dodecenyl succinic anhydride (DDSA) and 1.25 mL benzyldimethy-
lamine catalyst (BDMA) (ProSciTech, QLD, Australia). At least four
samples from the post-partum and contralateral uteri were embed-
ded for each animal.
Semi-thin sections of uterine tissue were cut at 1 lm with a glass
knife on a Reichert-Jung Ultracut E ultramicrotome and stained
with 1% toluidine blue. Sections were examined under a light
microscope to confirm the presence and correct orientation of the
luminal epithelium and glandular endometrium in each block. The
muscular myometrial layer was excluded from sectioning. Thin sec-
tions were then cut at 70 nm with a diamond knife on the ultrami-
crotome and mounted on copper grids. Sections on grids were
post-stained with 3% uranyl acetate for 5 min and 0.6% Reynold’s
lead citrate for 10 min. Images from at least four separate areas on
each micrograph were collected with a Phillips-CM 10 transmission
electron microscope.
Statistical analysis
All measurements are expressed as the mean ! standard error
(SEM) at each stage of development. Differences between post-par-
tum and contralateral uteri at the same stage were analysed using
Student’s t-tests and differences between stages were determined
using analysis of variance (ANOVA). Significance was determined
where P < 0.05. Analyses were conducted using SYSTAT 9.01 software
(Richmond, CA, USA).
Results
Summary of major reproductive events
To assist in understanding the complex timing of events in
each uterus preceding diapause in the tammar, a summary
of both uterine and embryonic changes is presented as a
timeline (Fig. 2).
Mating occurs approximately 1 h after birth (on day 0;
Rudd, 1994; Renfree & Shaw, 2014), which results in forma-
tion of a Graafian follicle in the contralateral ovary. Ovula-
tion occurs 40 h after birth after a surge of oestradiol, and a
single-celled embryo enters the uterus on day 2 post-mating
and begins cleavage (reviewed in Renfree, 1994; Renfree &
Shaw, 2014). By day 8, the sucking stimulus of the pouch
young induces quiescence of the corpus luteum, and the
embryo, by now a unilaminar blastocyst, enters into dia-
pause (Renfree & Shaw, 2014). The major embryonic events
are aligned with key changes in the uterus and corpus
luteum in Fig. 2. The uterine cellular changes involved in
preparation for diapause in the tammar are described in the
following paragraphs.
Histology of the newly gravid and post-partum uteri
Day of parturition (day 0)
Abundance of gland profiles was low in the stroma of the
newly gravid uterus on the day of birth (Fig. 3A), whereas
gland profiles were significantly more abundant and tightly
packed in the post-partum uterus (Figs 3F and 4A, P < 0.01).
The luminal epithelium of the newly gravid uterus was sig-
nificantly thicker than that of the post-partum uterus
(Figs 3F and 4B, P < 0.01), and the endometrial stromal thick-
ness was approximately 1.5 mm thick for both uteri (Fig. 4C).
Day of ovulation (days 1–2)
A significant increase in gland profile abundance occurred
between day 0 and day 1 in the newly gravid uterus
(Figs 3B and 4A, P < 0.01) whereas a significant decrease in
abundance occurred during this period in the post-partum
uterus (Figs 3G and 4A, P < 0.01). Luminal thickness
increased significantly in both uteri between days 0 and 1,
and was significantly thicker in the newly gravid uterus
than in the post-partum uterus (Fig. 4B, P < 0.01).
Stromal thickness decreased significantly during this per-
iod in the post-partum uterus (Fig. 4C, P < 0.01). After day
1, stromal thickness remained relatively constant in both
uteri leading up to diapause, yet was significantly thicker in
the newly gravid uterus than in the post-partum uterus
(Fig. 4C, P < 0.05).
Early cleavage (days 3–5)
Gland profile abundance in both the newly gravid (Fig. 3C)
and post-partum uteri (Fig. 3H), peaked on day 5, and was
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significantly greater in the newly gravid uterus (90.3 ! 1.4
per 0.5 mm2) than in the post-partum uterus (68.9 ! 0.9
per 0.5 mm2; Fig. 4A).
The luminal thickness of the post-partum uterus was sig-
nificantly thinner than that of the newly gravid uterus
throughout early pregnancy and diapause (Fig. 4B,
P < 0.05) and remained relatively constant.
Cleavage and unilaminar blastocyst (days 6–8)
A rapid decrease in gland profile abundance in the newly
gravid uterus occurred between days 6 and 8 in both the
newly gravid (Fig. 3D) and post-partum uterus (Figs 3I and
4A). By day 8, the abundance of gland profiles for both
uteri had reduced to 40–45 per 0.5 mm2 (Fig. 4A).
Diapause
No changes in luminal cell histology occurred during dia-
pause in either uterus. Gland profile abundance during
diapause in both the newly gravid and post-partum uteri
was similar to that of day 1 post-partum (Figs 3E, 3J and
4A), and a significantly lower gland profile abundance
occurred in the post-partum uterus during diapause than
on day 0 (Fig. 4A, P < 0.01). Both luminal (Fig. 4B) and
stromal thickness (Fig. 4C) remained constant throughout
diapause.
Ultrastructure of glandular epithelial cells of the
newly gravid uterus
Day of parturition (day 0)
The cytoplasm of glandular epithelial cells contained a large
well-developed Golgi body, lipid droplets (Fig. 5A), and
undilated strands of smooth endoplasmic reticulum (SER).
The glandular lumen (GL) contained secreted material
(Fig. 5A).
Day of ovulation (days 1–2)
A marked change in gland cell ultrastructure occurred
between days 0 and 1. Cells on day 1 contained large basal
clusters of lysosomes and elongated mitochondria (Fig. 5B).
The GL was still filled with secretions at this stage, but secre-
tory vesicles were fewer than previously, and even fewer
were present by day 2 post-partum. Apical and central clus-
ters of lipid droplets and dark granules appeared by this
stage, and strands of rough endoplasmic reticulum (RER)
were markedly dilated.
Early cleavage (days 3–5)
Gland cells possessed large secretory vesicles by day 3
(Fig. 5C), which became more clustered by day 4 (not
shown). Elongated mitochondria and dilated RER were
prominent and lysosomes were particularly common in cells
that were shedding into the lumen. The increase in gland
profile abundance on day 5 was accompanied by an
increase in gland cell organelles. Golgi bodies were exten-
sive, and strands of RER and mitochondria were abundant
in the cytoplasm (Fig. 5C). The glandular lumen was com-
pletely filled with secreted material.
Cleavage and unilaminar blastocyst (days 6–8)
Glandular cells contained massively dilated channels of RER,
and the glandular lumen was still filled with secretions and
vesicles by this stage. The decrease in gland abundance by
day 8 was followed by the apical accumulation of very large
secretory vesicles. The gland cell cytoplasm was devoid of
many organelles by this stage, although pale secretory
Fig. 2 Summary of the key uterine changes during pregnancy and diapause in the tammar wallaby (Macropus eugenii) associated with changes in
the ovary and embryo; CL, Corpus luteum; G, Golgi complex; G follicle, Graafian follicle; GC, granulosa cells; GE, glandular epithelium; LC, luteal
cells; LE, luminal epithelium of uterus; M, mitochondria; RER, rough endoplasmic reticulum; SER, smooth endoplasmic reticulum; sp, sperm; SVes,
secretory vesicles. 1Rudd (1994); 2Renfree & Lewis (1996), Tyndale-Biscoe (1986), Renfree (1993); 3Renfree et al. (2011).
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granules and lipid droplets occurred occasionally (Fig. 5D).
The glandular lumen was filled with dense flocculent
material.
Diapause
Gland cell ultrastructure was relatively consistent
throughout diapause. Secretory vesicles were com-
A
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G
H
I
J
Fig. 3 Histological sections of the newly
gravid and post-partum uteri of the tammar
wallaby. The uterus is lined by the luminal
epithelium (le), with uterine glands (gl)
embedded in the connective tissue stroma
(st), which is underlaid by myometrium (m).
Sections are stained with haemotoxylin and
eosin. (A-E) Newly gravid uterus: (A) day 0
post-partum; (B) day 1 post-partum; (C) day 5
post-partum; (D) day 8 post-partum; (E)
diapause. (F–J) Post-partum uterus: (F) day 0
post-partum; (G) day 1 post-partum; (H) day
5 post-partum; (I) day 8 post-partum; (J)
diapause; Scale bar: 100 lm.
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mon, but there was no evidence of active secretion
(Fig. 5E). The cytoplasm contained an abundance of
organelles, particularly elongated mitochondria and
lysosomes. In contrast to previous stages, Golgi bod-
ies were poorly developed and SER strands were
undilated (Fig. 5F).
Ultrastructure of glandular epithelial cells of the
post-partum uterus
Day of parturition (day 0)
Gland profiles were abundant in the stroma on the day of
birth and gland cells were rich in organelles, with very well
developed Golgi bodies, strands of SER and RER, and abun-
dant small mitochondria (Fig. 6A). Few secretory vesicles
occurred, but the glandular lumen contained secreted
material.
Day of ovulation (days 1–2)
Gland cells contained fewer organelles following the
decrease in abundance of gland profiles between days 0
and 1 (Fig. 6B). Golgi bodies were less well developed
and only small amounts of SER and scattered mitochon-
dria are present. Lysosomes also increased in abundance.
Little change in glandular cytology occurred between
days 1 and 2, but ribosomes became dispersed in the
cytoplasm. The glandular lumen was mostly empty by
this stage, and microvilli were sparse on the apical sur-
face.
Early cleavage (days 3–5)
Degenerative cells with abundant lysosomes occurred in the
glands of the post-partum uterus (Fig. 6C). Lysosomes were
also common in normal cells, and reached peak abundance
by day 5 (Fig. 6D). Golgi bodies were well developed and
channels of RER were dilated. Secretory vesicles became less
common by this stage.
Cleavage and unilaminar blastocyst (days 6–8)
Secretory vesicles began to increase by day 6, as gland
profile abundance decreased, and pale vesicles were com-
mon by day 7 (Fig. 6E). Gland cells on day 6 contained
granular material, small dark granules, as well as well-
developed Golgi bodies and dilated RER. Microvilli were
sparse. Golgi bodies were less well developed by day 7,
and clusters of lysosomes were the most prominent cell
features. Glycogen deposits were occasionally seen by day
8, and the GL appeared to be filled by material extruded
by cells.
Diapause
In contrast to cells of the newly gravid uterus, gland
cells of the post-partum uterus underwent some cel-
lular change throughout diapause. Secretory vesicles
were common in the cytoplasm by mid diapause
(Fig. 6F). Cell cytology was very similar between early
and mid diapause, but electron-dense vesicles and
SER became much more common by late diapause
(Fig. 6G-H). Few dark granules or glycogen deposits
were present, and cells lacked microvilli. As for the
newly gravid uterus, there was no evidence of cellu-
lar secretion into the GL.
Fig. 4 Measurements of uterine tissues in the tammar wallaby from
days 0–8 post-partum and in diapause (early, middle, late). (A) Abun-
dance of endometrial gland profiles (cross-sections) per 0.5 mm2. (B)
Thickness of the luminal epithelium. (C) Thickness of the endometrial
stroma. Measurements (means ! SEM) are from both post-partum
(open symbols) and newly gravid uteri (solid symbols) from day 0 to
day 8 post-partum, and during embryonic diapause. Asterisks denote
values that are significantly different from the day of parturition (day
0 post-partum), where *P < 0.05; **P < 0.01. A timeline shows the
stage of embryonic development relative to the time of birth: ovula-
tion (Ov); embryo enters the uterus (Ut); cleavage stage of the embryo
in the uterus (2, 8, 16, 32 or 64 cells); formation of the blastocyst in
the days after birth.
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Ultrastructure of luminal epithelial cells of the newly
gravid uterus
Day of parturition (day 0)
Cuboidal epithelial cells possessed very large nuclei that
filled most of the cytoplasm (Fig. 7A). Other organelles
were few, aside from occasional dark granules and lyso-
somes, suggesting the cells are relatively inactive. Both
microvillous and ciliated cells lined the uterus, and microvilli
were slender.
Day of ovulation (days 1–2)
Luminal cells showed evidence of active exocytosis by day 1
(Fig. 7B). The supranuclear region contained abundant
mitochondria, lysosomes, and well developed Golgi bodies.
Microvilli were slender. Some degenerative cells occurred in
the uterus by day 2.
Early cleavage (days 3–5)
Luminal cell cytology was similar between days 4 and 6.
Many organelles occurred apically, including well devel-
oped Golgi bodies, ovoid mitochondria (Fig. 7C), and
strands of both rough and smooth endoplasmic reticulum.
Microvilli were long and slender. Large secretory vesicles
occurred in some cells.
Cleavage and unilaminar blastocyst (days 6–8)
The cell cytoplasm contained a fine scattering of dark glyco-
gen granules (Fig. 7D). Lipid droplets occurred throughout
the cytoplasm, but secretory vesicles were rare. On day 8,
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Fig. 5 Transmission electron micrographs of
glandular epithelial cells of the newly gravid
endometrium. Scale bar: 5 lm. (A) Day 0
post-partum. (B) Day 1–2 post-partum. (C)
Day 3–5 post-partum. (D) Day 6–8 post-
partum. (E) Diapause. (F) Higher magnification
of (E). Scale bar: 1 lm. bm, basement
membrane; G, Golgi complex, L, lipid
droplets; Lu, glandular lumen; Ly, lysosomes;
M, mitochondria; mv, microvilli, N, nucleus;
RER, rough endoplasmic reticulum; s,
secretory material; SER, smooth endoplasmic
reticulum; SV, secretory vesicles.
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Fig. 6 Transmission electron micrographs of
glandular epithelial cells of the post-partum
endometrium. Scale bar: 5 lm. (A) Day 0
post-partum. (B) Day 1–2 post-partum. (C)
Day 3 post-partum. (D) Day 5 post-partum.
deg, degenerative cells; G, Golgi complex;
ICS, intercellular space, Lu, glandular lumen;
Ly, lysosomes; M, mitochondria; N, nuclei;
RER, rough endoplasmic reticulum; Sv,
secretory vesicles. (E) Day 6–8 post-partum.
(F) Mid diapause. (G) Late diapause. (H)
Higher magnification of (G). Scale bar: 1 lm.
LD, lipid droplets; Lu, glandular lumen; Ly,
lysosomes; M, elongated mitochondria; SER,
smooth endoplasmic reticulum; Sv, secretory
vesicles.
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apical microvilli were plump, and cells contained large basal
mitochondria, well developed Golgi, short strands of RER
and spherical mitochondria near the apical surface. No
secretory vesicles were present, but dark secretory granules
occurred in the uterine lumen.
Diapause
As for gland cells, luminal cell morphology remained
similar throughout early, mid and late diapause. Some
ciliated cells occurred, and microvilli were sparse. The
cytoplasm contained a moderately dense scattering of
glycogen droplets, giving the cytoplasm a mottled
appearance (Fig. 7E). Large mitochondria and SER were
common during diapause.
Ultrastructure of luminal epithelial cells of the post-
partum uterus
Day of parturition (day 0)
Secretory vesicles, lysosomes and mitochondria were promi-
nent in the cytoplasm of luminal cells (Fig. 8A). Cell apices
were covered with short, compact microvilli.
Day of ovulation (days 1–2)
Degenerative cells appeared in the post-partum uterus by
day 1. Ciliated cells were more abundant than microvillous
cells by this stage (Fig. 8B). Cells contained fewer organelles
than previously, but mitochondria were prominent near the
basal and lateral membranes. Small glycogen deposits were
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Fig. 7 Transmission electron micrographs of
luminal epithelial cells of the newly gravid
endometrium. Scale bar: 4 lm. (A) Day 0
post-partum. (B) Day 1 post-partum. (C) Day
3–5 post-partum. (D) Day 6–8 post-partum.
(E) Diapause. Scale bar: 1 lm. bm, basement
membrane; Ci, cilia; G, Golgi complex; gly,
glycogen granules; gr, dark granules; L, lipid
droplets; Lu, uterine lumen; Ly, lysosomes; M,
basal mitochondria; mv, microvilli; N, nuclei;
SER, smooth endoplasmic reticulum; Sv,
secretory vesicles; (?) active exocytosis of
secretory granules.
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present in microvillous cells, and ciliated cells possessed
large ovoid nuclei with prominent nucleoli.
Early cleavage (days 3–5)
In contrast to luminal cells of the newly gravid uterus, secre-
tory granules were prominent in the cytoplasm, and few
organelles occurred apically, except for mitochondria
(Fig. 8C). By day 4, microvillous cells were more common
than ciliated cells, but microvilli were sparse on the apical
surface (Fig. 8C). Few organelles occurred basally, but mito-
chondria were common in the supranuclear region and at
the cell borders.
Cleavage and unilaminar blastocyst (days 6–8)
Luminal cell morphology was similar between days 5 and 6,
and clusters of secretory vesicles appeared by day 7
(Fig. 8D). Microvillous cells were more common than cili-
ated cells, but ciliated cells were more common on day 7
than in the newly gravid uterus. Ciliated cells contained
abundant lysosomes and mitochondria, with a prominent
supranuclear Golgi body. Microvilli were sparse and the
basal cytoplasm of these cells contained dark granules, lipid
droplets, and mitochondria (Fig. 8D).
Diapause
Cells of the post-partum uterus were markedly different
from those of the newly gravid uterus. Microvilli were more
numerous, and lysosomes were more abundant. Mitochon-
dria were smaller, and cells lacked glycogen deposits. Cells
had prominent well developed Golgi complexes (Fig. 8E).
As found in the newly gravid uterus, there was no evidence
of active secretion.
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Fig. 8 Transmission electron micrographs of
luminal epithelial cells of the post-partum
endometrium. Scale bar: 4 lm. (A) Day 0
post-partum. (B) Day 1 post-partum. (C) Day
3–5 post-partum. (D) Day 6–8 post-partum.
(E) Diapause. Scale bar: 1 lm. Ci, cilia; G,
Golgi complex; gly, glycogen granules; Lu,
uterine lumen; Ly, lysosomes; M, basal
mitochondria; mv, microvilli; N, nuclei; SER,
smooth endoplasmic reticulum; Sv, secretory
vesicles.
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Discussion
Preparation for diapause in the tammar wallaby involved
significant changes in cell ultrastructure and activity. Both
luminal and glandular epithelial cells of the newly gravid
uterus underwent changes in organelle abundance and dis-
tribution in early pregnancy, which were accompanied by
an increase in secretory activity. Re-organisation also
occurred in cells of the post-partum uterus, although cells
were markedly different from those of the newly gravid
uterus. This difference was most pronounced during dia-
pause, as cells of the newly gravid uterus were completely
quiescent, but some organelle changes continued in the
post-partum uterus.
Morphology of the gravid tammar endometrium chan-
ged dramatically within a day of birth (between day 0 and
day 1 post-partum) and around the time of the post-partum
oestrogen pulse. Gland profile density and gland cell orga-
nelle abundance increased during this period, and previ-
ously inactive luminal cells underwent organelle changes
and began active exocytosis. Luminal cell morphology on
this day was similar to that during oestrus of the brushtail
possum (Trichosurus vulpecula; Shorey & Hughes, 1973) and
of women (Ludwig & Metzger, 1976). Dramatic remodelling
of luminal cell morphology also occurs in a wide range of
eutherian mammal (reviewed in Murphy, 2004, 2010) and
marsupial species (Laird et al. 2014, 2015; Dudley et al.
2015) in preparation for implantation of the embryo. The
ultrastructural changes in the tammar suggest an increase
in secretion and packaging processes in the cytoplasm, and
thus an increase in cell activity, occurring during this period,
most likely in response to oestradiol released from the
developing follicle (Renfree & Shaw, 2000).
Cellular activity in the newly gravid uterus increased as
pregnancy progressed. Luminal epithelial cells possessed
well developed Golgi complexes, secretory vesicles and
large mitochondria by day 3 post-partum, following entry
of the embryo in the uterus on day 2. Notably, a significant
increase in gland profile density occurred on days 5 and 6
post-partum, followed by massive dilation of both rough
and smooth endoplasmic reticulum and an increase in
abundance of mitochondria. These organelle changes indi-
cate an increased rate of cell respiration and protein synthe-
sis. In addition, secretory vesicles reach peak abundance by
days 5 and 6 post-partum as the suckling of the pouch
young begins to induce the onset of quiescence of the
corpus luteum (Tyndale-Biscoe, 1986).
Importantly, uterine gland cell activity decreased just
before the onset of diapause. Both organelle abundance
and secretory activity of gland cells decreased by day 8
post-partum, suggesting that preparation for diapause has
already begun. This result is consistent with a decrease in
total protein concentration and volume of secretions in the
tammar during this period (Renfree, 1972, 1973), as well as
with a significant reduction in plasma progesterone at the
onset of embryonic diapause, resulting from the inhibitory
effect of the suckling stimulus of the pouch young on the
corpus luteum (Renfree & Shaw, 2000). As diapause is the
result of a uterine environment that is inappropriate to sup-
port continuous growth of the embryo, yet maintains its
viability (Mead, 1993; Lopes et al. 2004), the decrease in
activity during this period in the tammar may represent the
shift from supporting embryonic growth to preparing for
quiescence.
The tammar embryo is surrounded by the shell coat and a
permeable acellular mucin layer and a zona pellucida which
prevent direct contact between maternal and embryonic
cells until at least 18 days after termination of diapause
(Denker & Tyndale-Biscoe, 1986; Renfree, 2000; Renfree &
Shaw, 2000). In contrast, in species such as the mouse, the
embryo hatches from the zona before diapause and so may
be influenced by both the uterine environment and direct
maternal contact (Weitlauf, 1994; Renfree & Shaw, 2000).
Thus, in tammar wallabies, significant changes in uterine
ultrastructure may be important in regulation of diapause,
but changes in the surface luminal epithelium cannot
directly affect the embryo through cell–cell contact (Renfree
& Shaw, 2000). Although the uterine changes involved in
diapause initiation in mice and rats are largely unknown,
uterine changes shared by both rodents and the tammar in
early pregnancy are likely to be essential for diapause. How-
ever, changes that are unique to the tammar wallaby are
likely to be related also to the complete dependence of the
tammar wallaby on uterine secretions during diapause.
Cells of the newly gravid and post-partum uteri were
markedly different at all stages of early pregnancy and dia-
pause. Early pregnancy in the post-partum uterus was char-
acterized by cell degradation and remodelling. Both
lysosomes and degenerative cells were more common in
the post-partum uterus and a significant decrease in both
gland profile abundance and of organelles in gland cells
occurred within a day of birth, suggesting that the tammar
uterus may rapidly revert to the receptive state. Cellular
debris was sloughed into the glandular lumen as pregnancy
progressed, filling the glandular lumen by day 8 post-par-
tum. Removal of degenerative material from the uterus and
remodelling post-partum occurs in many mammalian spe-
cies, including the rat (Png & Murphy, 1997), and the marsu-
pials Sminthopsis crassicaudata (Laird et al. 2014) and
Didelphis virginiana (Padykula & Taylor, 1975), as the uterus
prepares to receive a new conceptus.
Cellular differences between the two uteri were most
pronounced during diapause, as cells of the newly gravid
uterus were completely quiescent, whereas some changes
in organelle abundance occurred during diapause in those
of the post-partum uterus. Quiescence in the newly gravid
uterus is expected, as the activity of the uterus is tightly
linked to the quiescent corpus luteum (Tyndale-Biscoe &
Renfree, 1987; Renfree & Shaw, 2014). No active secretion
occurs in either uterus during diapause and large secretory
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droplets accumulate in quiescent gland cells, whereas glyco-
gen deposits accumulate in quiescent luminal cells, indicat-
ing a reduction in cell activity (Enders, 1967). Active
secretion typically ceases during mammalian diapause
(Daniel, 1971; Surani, 1975), and many species also develop
secretory vesicles in gland cells, including the roe deer and
mink (Enders, 1967), which are released after reactivation
of the blastocyst (Daniel, 1971; Surani, 1975). Reactivation
in the tammar, as in many mammalian species, follows a sig-
nificant increase in secretory activity corresponding to a
spike in plasma progesterone (Freyer et al. 2002; Hinds &
Tyndale-Biscoe, 2013). Hence the accumulation of secretory
vesicles in the tammar is likely to be in preparation for
embryonic development following reactivation.
The anatomical and functional separation of the newly
gravid and post-partum uteri in the tammar allows for
comparison of responses of both within an individual
throughout pregnancy. As both uteri are under the same
peripheral endocrine conditions, a local effect, rather than
a peripheral endocrine effect, must be responsible for the
structural changes of the uterus in the tammar and for
the marked cellular differences between both uteri
throughout early pregnancy and diapause. Hence these
uterine changes are under unilateral control. Unilateral
differences also occur between the pregnant and non-
pregnant endometrium of other marsupial species,
including Antechinus stuartii (Cruz & Selwood, 1993),
Sminthopsis macroura (Cruz & Selwood, 1997) and
T. vulpecula (Shorey & Hughes, 1973), despite similar pro-
files of ovarian hormones in both cycles (Tyndale-Biscoe &
Renfree, 1987). In the tammar, preferential delivery of
oestradiol from the Graafian follicle to the newly gravid
uterus at the time of birth results in an increase in both
progesterone and oestradiol receptors in the newly gravid
uterus relative to the post-partum uterus (Renfree & Blan-
den, 2000), priming the uterus to the subsequent action
of progesterone (Renfree & Blanden, 2000). A similar
unilateral increase in receptors also occurs in the quokka
(Setonix brachyurus; Owen et al. 1982) and the brushtail
possum (T. vulpecula; Curlewis & Stone, 1986). Hence dif-
ferences in hormone receptor concentrations between
uteri result in different uterine responses to the same
endocrine conditions (Tyndale-Biscoe & Renfree, 1987) and
may explain the observed unilateral effects in the tammar.
The findings of this study demonstrate that major
changes in uterine cell ultrastructure and activity are
involved in preparation for diapause in the tammar. Impor-
tant changes required for tammar diapause, including ces-
sation of active secretion and reorganisation of uterine
cells, are consistent with major patterns across diapausing
mammals. Yet the specific ultrastructural changes involved
in this process vary remarkably between groups of diapaus-
ing mammals (Renfree & Shaw, 2000), and even within a
genus (Mead, 1993). For example, accumulation of glyco-
gen in quiescent glandular cells in the tammar also occurs
in the majority of diapausing mammals. However, the
amount of glycogen stored can be enormous, as in several
mustelid species, whereas only a very small amount accumu-
lates in another mustelid, the mink (Enders, 1967). In addi-
tion, many species also exhibit unique ultrastructural
changes, such as the formation of unusually large spherical
mitochondria in the mink (Enders, 1967). Wide variation in
uterine cytology suggests that there may be no common
pattern of change among species (Enders, 1967), and sup-
ports the theory that diapause has evolved repeatedly in
mammals (Mead, 1993; Renfree & Shaw, 2000; Ptak et al.
2012). Shared uterine changes, both morphological and
molecular, are likely to be essential for initiation of dia-
pause and may constrain the evolution of diapause within
mammals (Freyer et al. 2002; Cha et al. 2013) but cellular
differences suggest that there may be some flexibility in the
specific changes required for preparation for diapause
across diverse mammalian groups.
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